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Abstract 
The regional hydrochemistry and its response to the land use change have been 
widely researched all over the world. However, they are lots of problem that are not 
well solved when consider the relation between the land use change and 
hydrochemistry. In this study, the relation between the land use change and regional 
hydrochemistry has been studied from a point view of system analysis. The Sangjiang 
Plain, the Songnen Plain and the Taizi River basin in the Northeast China Plain 
(NECP) have been selected as the study areas in the study. Three major problems are 
discussed: (1) chemical inputs caused by land use change; (2) hydrochemcial 
evolution in surface water and groundwater; and (3) temporal scale of the regional 
surface water and groundwater flow system. 
In the Taizi River, the land use change is stable during the past several decades. 
In the upper basin, major land use type is forest, while in the lower basin, major land 
use has changed to agricultural and residence land. The regional hydrochemistry of 
river is controlled by the spatial distribution of land use. The hydrochemical pattern is 
changed from Ca-HCO3 type in the upstream into Ca-HCO3-SO4 type in the 
downstream. In addition, it is also found that the concentrations of TN have good 
relation with the area ratios of agricultural land and residence area. 
Comparing with the Taizi River, the land use in the Sanjiang Plain and the 
Songnen Plain has changed dramatically in the past fifty years. In the Sanjiang Plain, 
from 1954 to 2005, 24% of wetland, 5% of grass and 7% of forest have changed into 
dry land and paddy. In the Songnen Plain, the most significant land use change is the 
inter transform of paddy and dry land. The land use change have been recognized an 
important factor influencing the local hydrochemistry. 
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In the Songnen Plain, the hydrochemical pattern is Ca-Na-HCO3 type, and the 
concentrations of Na and HCO3 are relative high than that in other areas. Base on the 
trend analysis, it is found that Na+ and HCO3
- have increased with a rate of 0.63 mg/L 
per year and 2.35 mg/L per year, respectively. It is showed that the regional 
hydrochemistry is suffered from salinization due to frequent land use shift between 
paddy and dry land with inappropriate irrigation. 
In the Sanjiang Plain, The hydrochemical pattern of surface water and 
groundwater is Ca-HCO3 type, and rock weathering is considered as one of the major 
mechanisms controlling the regional major ion chemistry. However, elevated nitrate 
are observed in some of the groundwater samples. δ15N-NO3
- shows that the nitrate in 
the groundwater has a manure origin. CFCs have been used successfully the 
age-dating for shallow groundwater. It is found that nitrate in groundwater has a poor 
correlation with the land use unless resident time of groundwater has been considered 
to rebuild the land use history during the groundwater recharge. It is emphasized that 
the groundwater residence time is a key factor when studying the response of 
groundwater nitrate to the land use change. 
Key words: Hydrochemical evolution, nitrate, land use change, response, system 
analysis, NECP 
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要旨 
流域水質特徴およびそれと土地利用変遷の関係について、これまでさまざ
まの視点から広く研究されてきたが、地域水の流動と物質移動に関わるプロセ
スは不明な点が多く残っている。そこで、本研究では、土地利用の変化と地域
水循環及び水質変遷について、システム分析の観点から統合解析し、そのプロ
セスを明らかにすることを目的とした。そのために、中国東北平原（NECP）に
おける 3つの研究区域（三江平原、松花江平原と太子川流域）を選び、3つの
要素を検討した。1番目は、土地利用変化による物質入力への影響、2番目は、
地表水および地下水の水質変遷、最後は物質輸送を担う地域水流動に関わる時
空間スケールである。 
太子川では、過去数十年間土地利用の時空間変化が少なかった。上流から
下流にかけて耕地と居住地の面積の割合が増えていくため、水質パターンが上
流の Ca-HCO3 型から下流の Ca-HCO3-SO4 に変化した。地表水の中の全窒素の濃
度が農地と居住地の割合の間には良好な相関関係が存在していたことが判明
された。 
一方、農業開発のために、過去半世紀にわたって、三江平原および松花江
平原の土地利用が大きく変わってきた。三江平原では 1954年から 2005年まで
の期間に、24%の湿地、5%の草地と 7%の森林が水田もしくは畑に転化された。
松花江平原では、水田と畑の農地転換が頻繁に行われた。その結果、地域の地
表水と地下水水質へ大きく影響を与えた。 
松花江平原では、主な水質パターンが Ca-Na-HCO3 型で、地表水と地下水
から高い濃度の Na+と HCO3
-が検出されった。1964年から 1984年までの松花江
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流域の水質データを解析した結果、Na+と HCO3
-の濃度がそれぞれ年間 0.63mg
と2.35ｍｇずつ上昇し、松花江全流域の塩害化が進んでいることを示唆した。
塩害の主な原因は頻繁な水田と畑の農地転換や不適切な灌漑方法であること
がわかた。 
三江平原で、地表水と地下水の主な水質パターンが Ca-HCO3型で、水と岩
石反応が地域の水質を左右している。一方、地域の河川水や地下水から高い濃
度の硝酸性窒素が検出された。窒素同位体比を用いて、地表水と地下水中にさ
まざまな窒素の起源を同定し、その移動形態を明らかにした。また、CFCｓを
用いて、調査地域における地下水の滞留時間が 30から 40年前後であると判明
した。地下水の滞留時間を考慮した NO3
-の濃度と地域土地利用の間に良好な相
関関係を見出すことができた。それらのことから地下水流動系における硝酸イ
オンの移動速度が少なくても地下水と類似し、土地利用の変化とそれに起因す
る地下水質変遷の間に時間のずれが生じることが示唆された。したがって、流
域土地利用変化に対する水質の応答は、研究対象物質の特性、土地利用の時空
間変化および水の滞留時間に密接に関係していることを明らかにした。 
 
 
キーワード：水質、硝酸性窒素、塩害化、土地利用変遷、滞留時間システム解
析、東北平原  
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1 Introduction 
Hydrochemistry is the science that explores the processes controlling the 
chemical compositions of both surface water and groundwater (Appelo and Postma, 
2005), and the hydrochemistry (water quality) influences the use of these resources. It 
is a subdivision of hydrology that deals with the chemical characteristics of the water 
on and beneath the surface of the Earth. Water in all forms is affected chemically by 
the materials with which it comes into contact, and it can dissolve many elements in 
significant quantities. Chemical hydrology is concerned with the processes involved 
and thus includes study of phenomena such as the transport of salts from land to sea 
(by erosion of rocks and surface runoff) and from sea to land (by evaporation, cloud 
formation, and precipitation) and the age and origin of groundwater in desert regions 
and of ice sheets and glaciers. 
The hydrochemistry study involves a wide range of chemicals in the water, such 
as major ions chemistry (Ca2+, Mg2+, Na+, K+, Cl-, SO4
2-), inorganic pollutant (NO3
-) 
and lots of organic pollutants. The health of terrestrial and estuarine biota is 
vulnerable to pollution, since many contaminants are toxic. A common definition of 
pollution is “an undesirable change in the physical, chemical, or biological 
characteristics of air, water, soil, or food that can adversely affect the health, survival, 
activities of humans or other living organisms” (Miller and O'Callaghan, 1994). 
Hydrological cycle is the key to understand the natural water resources and the 
processes of evolution of hydrochemistry in a basin. Environmental isotopes now 
routinely contribute to complementing geochemistry and physical hydrogeology. 
Studies on chemical and isotopic composition of rivers provide important information 
on the sources of major ions to them, chemical weathering rates of basins and fluxes 
of dissolved materials from continents to oceans (Dalai et al., 2002). The major ions 
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are a group of determinants of ubiquitous source, which are widely distributed in 
surface and groundwater and exhibit a range of chemical behaviors (Jarvie et al., 
1997). The major ions reveal the pattern and linkage between evaporation, chemical 
weathering, precipitation and anthropogenic impacts (Gibbs, 1970; Meybeck, 1987).  
The hydrochemistry is also affected by human activities which are related to the 
land use change in the earth surface. Both water quality and quantity are declining 
rapidly worldwide particularly in developing countries which due to natural and 
anthropogenic processes (Carpenter et al., 1998a; Chen et al., 2002). 
1.1 Research on the hydrochemistry 
In the initiative paper on the hydrochemistry, Gibbs (1970) reveals three major 
mechanisms controlling world surface water chemistry, which can be defined as 
atmospheric precipitation, rock dominance and evaporation-crystallization process on 
the basis of analytical chemical data for numerous rain, river, lake, and ocean samples 
all over the world. Then numerous studies on major ions and dissolved loads of larger 
rivers have been carried out to examine hydrochemical characteristics, chemical 
erosion and CO2 consumption rates, and long term climatic evolution of the Earth. 
Gibbs (1967) showed the analytical results of sampling during both wet and dry 
seasons along the Amazon River and revealed that the physical weathering dominant 
in the Andean mountainous environment controls both the overall composition of the 
suspended solids discharged by the Amazon and the amount of dissolved salts and 
suspended solids discharged. Huh et al. (1998) analyze the ﬂuvial geochemistry of the 
rivers of Eastern Siberia, and found that the chemistries are largely similar in that the 
rivers are Ca-HCO3 dominated. Carbonate weathering is saturation limited, and based 
on the temperature-saturation relationship, the dissolution rates do not differ much. At 
regional scales, no direct relationship was found between runoff and chemical ﬂuxes. 
The ﬂuxes are about the same for the dissolved loads even though the basins are in 
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very different climatic zones. Thus, it can be concluded that the cold climate in 
Siberia does not have a direct inhibiting effect on the chemical yields when the 
reactions are kinetically fast as for carbonates and evaporites. Overall, weathering of 
sedimentary platforms is not a direct function of temperature but rather a result of the 
complex interplay of regional climate and physical processes that determine the 
chemical yields. Gaillardet et al. (1999) used compiled data on the 60 largest rivers of 
the world to calculate the contribution of main lithology, rain and atmosphere to river 
dissolved loads, and showed that (1) The participation of silicate weathering to the 
dissolved load of rivers never exceeds 40%; (2) all the largest rivers of the world are, 
to a greater or lesser extent, influenced by carbonate dissolution; (3) Most of the large 
rivers are not influenced by evaporite dissolution; (4) For most large rivers, rain 
inputs are almost insignificant less than 5% except for those rivers most influenced by 
evaporation. On a global scale, the source of solutes in a average world river 
(TDS=100 mg/L) can be separated into 15 mg/L of solutes derived from silicate 
weathering, 35 mg/L derived from carbonate weathering, 8 mg/L derived from 
evaporite dissolution, 3 mg/L derived from rainwater and 37 mg/L of solutes 
constituting of HCO3
- derived from atmospheric CO2 consumed by carbonate and 
silicate weathering. 
From these researches, it has been recognized from the view of the global carbon 
cycle that the ﬂux of CO2 consumed by carbonate dissolution on the continents is 
balanced by the ﬂux of CO2 released into the atmosphere from the oceans by 
carbonate precipitation on the geological time scale (Berner et al., 1983). Chemical 
weathering of silicate rocks acts as a net sink for atmospheric CO2. Climatic and 
geologic factors that control its rate and feedback mechanisms function as regulators 
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of atmospheric CO2 levels over geologic time scales (Berner, 1991; Edmond, 1992; 
Raymo and Ruddiman, 1992; Walker et al., 1981). 
Since the first report detailing major ion chemistry of large Chinese rivers in the 
international literature (Ming-Hui et al., 1982), several river biogeochemistry studies 
have been initiated, especially concerning the Changjiang (Yangtze River), Huanghe 
(Yellow River) and Zhujiang River (Chen et al., 2002; Zhang et al., 1995; Zhang et al., 
2007). In the Changjiang River, total dissolved solid (TDS) concentration of the 
Changjiang varies over an order of magnitude throughout the basin (49.7–518.1 mg/l), 
with a medium TDS concentration of 205.9 mg/l, about three times the global average. 
The major element chemistry of the Changjiang is mainly controlled by rock 
weathering, with HCO3
- and Ca2+ dominating the major ion composition, due to the 
abundance of carbonate rocks in the basin. A persistently increasing trend has been 
observed in the concentrations of SO4
2- and Cl- in the Changjiang, a signature of 
considerable anthropogenic impacts. In the Huanghe River, it is showed that the 
dissolved load of the Huanghe relative to water discharge and in absolute terms is 
very high compared with other major world rivers. The Huanghe transports seawards 
ca. 410×109 mol/year of dissolved ions with a chemical erosion rate close to the world 
average. Atmospheric input of major elements to the Huanghe is very limited. 
Weathering and erosion are of primary importance in affecting river chemistry, which 
is accelerated by anthropogenic activities. In the Zhujiang River, the TDS varies from 
34.0 mg/l to 416.1 mg/l, and decreases from upstream to downstream along the main 
stem. Rock weathering is the dominant controlling factor for the regional water 
chemistry, and more specifically, on average, 68% (22–92%) of total dissolved load 
comes from carbonate weathering, 22% (2–68%) from silicate weathering, and 10% 
(3–24%) from evaporite weathering, respectively. Changes in water chemistry can be 
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observed from long-term trend analysis, notably for SO4
2- and Cl-, as a result of 
anthropogenic influences, such as acid deposition, domestic and industrial wastewater 
discharge, and basin water resource development. 
1.2 Mechanisms controlling the hydrochemistry 
Rainwater is the source of surface water and groundwater and a logical starting 
point for the study of hydrochemistry of both surface water and groundwater (Appelo 
and Postma, 2005). Continental rainwater is dominated by oceanic vapor and it does 
indeed resemble strongly diluted seawater. However, natural and anthropogenic dusts 
and gases modify the composition. Before the rain turns into the surface water and 
groundwater, various processes in the soil may affect the concentrations. 
Dry-deposited dust particles and gases will dissolve. Evapotranspiration concentrates 
the solutes, and vegetation selects essential elements to store them temporarily in the 
biomass. Particularly the weathering of minerals in the soil is of importance in 
changing concentrations. The mass balance approach is fundamental and universally 
applicable, and we will use it to decipher the hydrological cycle, the sources of the 
constituents in rainwater, the contributions from different mineral dissolution. The 
main processes considered in this study are discussed below: 
1.3.1 Chemicals from rain 
The inventory of the global water cycle in Fig.1- 1 shows the amounts of water 
in various reservoirs. The oceans contain 13,700×1020 g H2O, or 97% of the total 
amount of water on earth. The water in the ice caps and glaciers amounts to 2% of the 
total. If all the ice would melt, the depth of the oceans would increase by 2% and the 
sea level would rise by 2% of the average depth, or about 80m. Groundwater is placed 
third with about 1% of the total amount of water on earth, and it is many times larger 
than water in rivers and lakes (together about 0.009%). Finally the amount of water 
present in the atmosphere constitutes only 0.001% of the global total. 
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Fig.1- 1 The global hydrologic cycle showing amounts in 10
20
g H2O (encircled 
entities), and mass transfers among the reservoirs in 10
20
g H2O/yr (numbers 
associated with arrows), modified from Appelo and Postma (2005). 
Fig.1- 1 also indicates the mass transfers among the reservoirs. The numbers are 
based on measurements and calculations from mass and energy balances and contain a 
variable uncertainty. Well measured are the continental precipitation (Pt) and the 
continental surface runoff (R) into the oceans. The amount of groundwater draining 
directly into the oceans (G) is by comparison rather small. From these numbers, we 
can estimate that over land the evapotranspiration amounts to 68% of the 
precipitation. 
1.3.3 Mineral weathering 
Weathering and dissolution of minerals releases elements to the water. 
Carbonates such as limestones and dolomites dissolve easily and give the water its 
„hard‟ character. The extent of carbonate rocks dissolution is related to the CO2 
concentration contained in water. There are many factors controlling the dissolved 
CO2 concentration, such as the CO2 partial pressure of the atmosphere, water 
temperature and its pH value (Bakalowicz, 2005), as well as the content of organic 
matter in soil. The main dissolution of carbonate rocks for calcite and dolomite 
minerals are presented as the following equations: 
CaCO3+CO2(g)+H2O↔Ca
2++2HCO3
- 
CaMg(CO3)2+CO2(g)+H2O↔Ca
2++Mg2++4HCO3
- 
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On a world-wide basis, the effect of carbonate dissolution on water compositions 
is quite conspicuous. It is reported that in the average river water composition from 
different continents, the high TDS values are mainly related to increases of Ca2+ and 
HCO3
-, which predominantly are due to carbonate dissolution. The main dissolution 
of carbonate rocks for calcite and dolomite minerals are presented as the following 
equations: 
The dissolution of albite: 
NaAlSi3O8+4H
++4H2O→Na
++Al3++3H4SiO4 
The dissolution of anorthite: 
CaAl2Si2O8+2H
++6H2O→Ca
2++2Al(OH)3+2H4SiO4 
Weathering of silicate minerals is a slow process and the resulting changes in 
water chemistry will be gradual and less conspicuous than the weathering of 
carbonate. Still, weathering of silicate minerals is estimated to contribute about 45% 
of the total dissolved load of the world‟s rivers (Stumm and Wollast, 1990). In the 
global cycle of CO2, the weathering of silicate minerals acts as an important CO2 sink. 
Furthermore, silicate weathering is the most important pH-buffering mechanism in 
sediments without carbonate minerals. 
1.3.5 Anthropogenic inputs 
Anthropogenic activities can thoroughly change water quality (Meybeck and 
Helmer, 1989). This has become particularly important in China due to drastically 
intensified industrial and agricultural activities (Chen et al., 2002). These 
contributions may be of any kind, from NaCl used in households to heavy metals or 
poisonous organic constituents leached from tip heaps. Air pollution and acid rain 
already have been mentioned. The large amounts of NO3
- and pesticides leaching 
from agricultural fields constitute a serious problem in many countries. 
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1.3 The response of hydrochemistry to the land use change 
1.3.1 A short review 
(1) Land use and surface water nitrate pollution 
Increases in nitrogen inputs in the last 50 years have caused great concern for the 
health of stream ecosystems (Howarth et al., 2002; Pimentel, 1993). In general, 
approximately one-third of nitrogen inputs to catchments are exported, with the 
majority exported to surface waters (Howarth et al., 2002). This increase in export to 
surface waters has been shown to cause algal blooms, which in turn cause hypoxia 
and „„dead‟‟ zones for ﬁsh (Rabalais et al, 2002). 
Land use has been found to have a large effect on the amount of nitrogen 
exported to the stream (Jordan et al., 1997; Poor and McDonnell, 2007; 
Salvia-Castellví et al., 2005; Schilling, 2002). Since a signiﬁcant portion of nitrogen 
export from catchments is due to non-point source fertilizer runoff, the proportion of 
agricultural land in a catchment is often correlated to stream nitrate export (Howarth 
et al., 2002). Nitrogen export is generally greater in rivers draining more densely 
populated catchments (Jordan and Weller, 1996). This may be due to sewage inputs or 
deposition and subsequent runoff of NOx emissions. The majority of the work on land 
use effects has focused on base ﬂow or a small number of sampling events correlating 
land use and nitrate (Poor and McDonnell, 2007). While it is clear that land use 
affects the magnitude of nitrate and other nutrients exported from catchments, it is not 
clear how it affects nutrient dynamics or the nutrient concentration pattern during 
storm events (Poor and McDonnell, 2007). 
(2) Land use and groundwater nitrate pollution 
The relation between land use and groundwater nitrate (NO3
-) has been discussed 
widely, especially in agriculturally dominated area where elevated NO3
- 
concentrations in groundwater have become serious problems to local water supplies. 
 9 
 
Nolan and Stoner (2000) compared the nitrate concentration in shallow groundwater 
with different land use and found that the most polluted wells were beneath the 
agricultural land in the United States. Choi et al. (2007) examined the effect of 
different land use on nitrate contamination by applying nitrogen isotope (δ15N-NO3) 
technique, and found that in residential areas the major source of nitrate 
contamination was the effluent from leaky septic tanks, while in cropping areas it 
mainly came from fertilizers. 
The close relation between land use and nitrate contamination prompts direct 
identification of nitrate sources or prediction of nitrate concentrations from the land 
use types in the capture or buffer zone of a well. Mattern et al. (2009) took the area of 
the land use in the capture zone as the explanatory factors to discriminate the sources 
of the nitrate pollution by applying multiple regression and regression tree methods. 
In addition, Gardner and Vogel (2005) used tobit regression and logistic regression to 
predict groundwater nitrate concentration from land use. It has been concluded from 
these studies that land use strongly influences the groundwater qualities. However, the 
relation between land use and groundwater nitrate and the detection of its trends are 
more complicated because of long travel times of groundwater; chemical processes 
along the pathway; spatial variability of contaminant concentrations in recharging 
groundwater, and short term natural temporal variability of groundwater composition 
at the monitored depths (Broers and van der Grift, 2004). Visser et al. (2007, 2009) 
took into account groundwater residence time and possible geochemical processes 
along the flow path in a region with homogeneous land use to find out the conditions 
under which the concentrations of reactive solutes may be related to the travel times. 
However, how the concentrations of nitrate may be related to the changing land use is 
a challenging problem. 
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The research reviewed above on the relation of land use change and 
hydrochemistry (the response of hydrochemistry to the land use change) are mainly 
focused on one of the aspects of this problem. In this study, from a point view of 
system analysis, all the aspects are considered and integrated into one system. The 
theoretical framework is discussed below. 
1.3.2 The essential of the influence of land use to hydrochemistry 
The essential of the influence of land use to hydrochemistry would be introduced 
here by the export coefficient model. This model is put forward by Johnes (1996) to 
evaluate and manage the impact of land use change on the nitrogen and phosphorus 
load delivered to surface waters. The export coefficient modeling approach aims to 
predict the nutrient loading at any site in the surface water drainage network of a 
catchment as a function of the export of nutrients from each source in the catchment 
above that site. The model is constructed using data collected on the spatial 
distribution of land use and fertilizers applied to each land use type, the numbers and 
distribution of livestock and human populations in the catchment, and the input of 
nutrients to the catchment through nitrogen fixation and atmospheric deposition. 
Export coefficients are derived from literature sources and the results of field 
experiments to determine the rate of loss of nutrients from each identifiable source to 
the surface drainage network. 
The model is outlined as follows: 
L =∑𝐸𝑖[𝐴𝑖(𝐼𝑖)] + 𝑝
𝑛
𝑖=1
 
where L is loss of nutrients; E is export coefficient for nutrient source i; A is area of  
catchment occupied by land use type i, or number of livestock type i, or of people; Z 
is input of nutrients to source i; p is input of nutrients from precipitation. Of these 
expressions, the most important parameter is the export coefficient Ei which connect 
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land use types to pollution loadings. Different land use types have different export 
coefficient Ei, that is to say, different land use types have different loadings to the 
water environment. This is the essential of the influence of land use to 
hydrochemistry. 
1.3.3 The response of hydrochemistry to the land use change 
The surface of the Earth is changing rapidly, at local, regional, national, and 
global scales, with significant repercussions for people, the economy, and the 
environment. Some changes have natural causes, such as wildland fires or hurricanes, 
while other changes on the land, such as resource extraction, agricultural practices, 
and urban growth, are human-induced processes. There are other types of changes that 
are a combination of natural and human-induced factors; landslides and floods, for 
example, are fundamentally natural processes that are often intensified or accelerated 
by human land use practices. Whatever their cause, land-surface changes can have 
profound environmental and economic impacts (USGS). 
From a point view of system analysis, there are three factors to be considered 
when studying about the response of hydrochemistry to the land use change (Fig.1- 4). 
They are the input which is represented by land use change, the system itself and the 
outputs. 
(1) The inputs related with land use change 
The production system is defined as "the methods, procedure or arrangement 
which includes all functions required to accumulate (gather) the inputs, process or 
reprocess the inputs, and deliver the marketable output (goods)." Different land use 
has different functions and can be called the “land production system”. Arable land 
focused in this study is a typical “land production system”. The inputs are water, 
fertilizers and energy, agricultural practices (conversion processes) are irrigation, crop 
rotation, fertilizers and pesticides, and the outputs are corps. In one hand, the 
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agriculture has offered necessary food for human beings, while in another hand, with 
the development of agriculture, a variety of environmental problems have been caused 
by the by-products of agricultural practices.  
The land use change affects the inputs of chemicals by two processes: changing 
the hydrological cycle and changing the chemical loadings. 
From Fig.1- 1, it is found that only part of the precipitation will ultimately 
generate into runoffs or infiltrate into the aquifer. The difference is lost by 
evapotranspiration from vegetation and soil. Throughfall, water dripping from the 
canopy, is already seen to be significantly less than the bulk precipitation, while 
infiltration in most years starts during the fall and stops again in the spring so that 
there is no net infiltration during the summer. The land use change can significantly 
change the hydrological cycle by influence the evaporation, infiltration and other 
hydrological processes. Take evaporation for example, due to the effect of evaporation 
concentration, any salt deposition by rain or dry deposition will accumulate during 
summer and be flushed down with the autumn rain. The evapotranspiration in an area 
can be calculated by comparing the Cl- concentrations in soil or groundwater and in 
rainwater by equation 1: 
Cl,rain t
t
Cl,soil
C P D
E P
C
 
   
where E is evapotranspiration (mm/yr), Pt is total precipitation (mm/yr), CCl is the Cl
- 
concentration in precipitation (mg/L) and D is 1575mg/m2/yr for deciduous or mixed 
forests and zero for bare or grass-covered land. 
For changing the chemical loadings, in this study, two kinds of by-products 
(chemicals or materials) introduced or disturbed by agricultural production system to 
the water environment are considered in this study. The first one is called “artificial 
chemical”. It is defined as the chemicals which have low concentrations in the natural 
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water environments, high loading of these chemicals are introduced from land use 
change, such as nitrate (NO3
-) and pesticides. Nitrate is necessary for plant growth and 
the inputs of nitrate have exceeded the conversion ability of agricultural production, 
so excess nitrate are introduced into water environment as by-products. The spatial 
and temporal variations of introduced nitrate are closely related to the arable land use 
change. In a specific area, when the land use keeps stable or changes slightly, the 
nitrate loading also keeps stable and shows no trends. For nitrate, the agricultural 
production system can be treated as a time-invariant system. When the land use 
changes dramatically, the nitrate loading also changes greatly, and correspondingly, 
the agricultural production system can be treated as a time-varying system. 
The second one is called “original chemical”. It is defined as the chemicals 
which exist in the water environment, and when the land use change, the migration of 
this kind chemicals will be disturbed and have high loadings to the water environment. 
Typical chemicals are Na+ and HCO3
-. These chemicals have the major sources from 
the alkaline soil, and the inappropriate irrigation can aggravate the alkalinity of the 
soil, increase their loadings to water environments and result in the salinization. In 
this situation, the agricultural production system can also be treated as a 
time-invariant system or time-varying system. 
(2) The surface water and groundwater system 
When the chemicals (either “artificial chemicals” or “original chemicals”) enter 
into the water environment, the water environment systems began to affect the 
transportation and migration of chemicals. Surface water and groundwater systems are 
discriminated in this study. Referring to the transportation and migration of chemicals, 
two major differences between surface water and groundwater system are considered: 
the residence time and redox conditions. 
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Firstly, the differences of residence time are discussed. The hydrological cycle is 
showed in Fig.1- 2. The sea evaporates and produce lots of water vapor, a part of the 
vapor come back to the sea by the sea precipitation. Other water vapors are carried by 
wind and move to the continent. And there the vapor precipitates on the continent. 
The rain come to the ground are divided into two parts, one flows along the surface 
and converges to the rivers and finally flow back to the sea. Another infiltrates into 
the soil and become soil water and groundwater. Generally speaking, the surface 
water has relative short residence time and can be evaluated by day-scale. For the 
groundwater, the residence time is very long and can be evaluated by year-scale. The 
different residence time results in different behavior of chemical when they travel 
along with waters. 
 
Fig.1- 2 Schematic map of hydrological cycle 
The second one is about the redox conditions. Oxidation/reduction processes are 
of importance and often related to the decay of organic matter. It is the reverse process 
of uptake and storage of elements in growing plants. Decay of organic matter is an 
oxidation reaction. The process uses oxygen and produces carbonic acid: 
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CH2O+O2→H2O+CO2 
In this reaction a carbohydrate, CH2O, is used as a simple representative of the highly 
complex organic compounds in organic material. The oxidation of organic matter may 
occur in the soil but also within aquifers where fossil organic matter is present as peat, 
lignite, etc. Once oxygen becomes exhausted other electron acceptors, like nitrate, 
iron oxides or sulfate may mediate the oxidation of organic matter. The reduction of 
iron oxides results in high iron concentrations in groundwater, the reduction of sulfate 
in badly smelling hydrogen sulfide and finally, fermentation of organic matter may 
result in groundwaters containing methane. The production of CO2 as result of organic 
matter oxidation may also enhance the weathering of carbonate and silicate minerals. 
The variation of redox conditions during the hydrological cycle is descripted 
below. The dissolved oxygen (DO) of precipitation is about 8.3 mg/L which is 
resulted from the equilibrium with the air. As the precipitation falls on the ground, the 
runoff generates and confluences into rivers, DO is consumed by organic matters 
introduced from the soils or human activities. The redox condition began to change. 
Generally speaking, oxic condition is dominating in the surface water except for some 
lakes or polluted rivers. When water recharges into the aquifer, due to isolation with 
the air, DO is consumed but without supply. The redox condition began to change 
from oxic domain zone into anoxic zone. 
(3) Output of chemicals 
The along with water are more complicated due to physical and chemical 
characteristics of the chemicals. The chemical can be roughly divided into two types, 
the conservative and the un-conservative chemicals. A typical conservative ion is 
chloride ion (Cl-) which is hard to be adsorbed or eliminated by chemical reaction. It 
is always treated as a trace in the hydrology and hydrochemistry study. The 
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conservative chemicals are mainly affected by mixing processes (dispersion). When 
the travelling time becomes long, the concentration of conservative chemical will 
decrease along the flow path (Fig.1- 3), but its total mass will not change. A typical 
un-conservative chemical is nitrate (NO3
-). Beside the mixing (dispersion), it is also 
easy to be reduced by organic carbons, ferrous Fe and sulfide. That is to say, the total 
mass will decrease along the path line. 
 
Fig.1- 3 Propagation of a Gaussian density function along a flow line. It shows a 
Gaussian density function migrates down a flow line and is broadening due to 
dispersion. After from Appelo and Postma (2005) 
Pu1.4 Purpose of the study 
In this study, the regional hydrochemical evolution and its response to land use 
change in the Northeast China Plain is intensively discussed. The theoretical 
framework has been discussed sufficiently in the section 1.3, and from a point view of 
system analysis, three typical study areas all over the NECP are selected; there are the 
Sanjiang Plain, the Songnen Plain and the Taizi River basin. The purpose of the study 
is summarized below: 
(1) To give an intensive study on the spatial and temporal distribution of the land 
use change and hydrochemistry in the NECP. 
(2) Discuss the mechanisms controlling the hydrochemistry in the NECP. 
(3) Study the behavior of nitrate and its response to the land use change in the 
Sanjiang Plain.  
(4) Study the hydrochemistry and salinization of surface water and groundwater 
in the Songnen Plain 
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(5) Study the surface water hydrochemistry and its response to the land use in the 
Taizi River 
The Schematic map of the study is showed in Fig.1- 4. 
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Fig.1- 4 Schematic map of the study  
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2 Study Area and Methodology 
2.1 Study area of NECP 
The Northeast China Plain (NECP) is located in the northeast China (Fig.2- 1). It 
lies between the Greater and Lesser Xing'anLin and Changbai Mountains. Covering 
350,000 km2, it is China's largest plain, with an elevation of lower than 200 meters. 
The NECP covers four provinces, the Heilongjiang province, the Jilin Province, the 
Liaoning Province and a part of the Neimenggu Province. The NECP include the 
Songnen Plain in north, the Liaohe Plain in the south and the Sanjiang Plain in the 
northeast. The Taizi River basin is sub basin in the Liaohe Plain and selected as a 
typical area representing the Liaohe Plain in this study. 
Major rivers including the Heilongjiang River, the Songhua River, the Wusuri 
River and the Liao River flow through the study area. The total surface water resource 
of the NECP is about 170 billion m3, and the groundwater resource is about 68.0 
billion m3. The spatial distribution of water resources shows great spatial 
heterogeneities: deficient in the center and west part and rich in the north and east. Per 
capita water resources are 5105 m3 in the Heilong River basin, 1789 m3 in the 
Songhua River basin and 654 m3 in the Liao River. The water resource is more 
deficient in the Taizi River basin, which is a sub basin of the Liao River, and its per 
capita water resource is about 481 m3. 
The major land uses in the NECP are arable land, forest and grass. Forest have an 
area of 56.60 million hm2, taking up 45.6% of the total area of NECP, and it is the 
dominating land use in the study area. The area of arable land is about 25.07 million 
hm2, taking up 20.2% of the total area of the NECP. Grass has an area of 21.26 million 
hm2, taking up about 17.1% of the total area of the NECP. 
 20 
 
 
Fig.2- 1 Location of the study area 
2.2 Hydrochemical analysis method 
2.2.1 Major ion analysis 
Electric conductivity (EC), pH, Temperature (T), redox potential (Eh) and 
dissolved oxygen (DO) are measured by the potable meters (Horiba), and alkalinity 
(HCO3
-) is also measured in unfiltered water samples by titration in site. 
Samples for major ion were filtered through 0.45μm glass fiber filter paper and 
stored in 50 ml tubes below 4oC. The cations (Na+, K+, Ca2+, Mg2+) and anions (Cl-, 
SO4
2-, NO3
-) were analyzed by ion chromatography (IC, LC-10AD, Shimazu) in 
laboratory of Chiba University. The origins of modern IC were laid down by Hamish 
Small et al. at Dow Chemical in 1975, when they ﬁrst described a novel ion-exchange 
chromatographic method for the separation and conductimetric detection of ionic 
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species (Small et al., 1975). The limitation of detection (LOD) of the IC used in this 
study is 0.05mg/L. 
2.2.2 Isotope analysis for δ15N 
The sampling and pretreatment procedures of δ15N-NO3 were conducted with the 
method put forward by Silva et al. (2000). DOWEX® 1X8 200-400 MESH Cl resin 
was used for fine chemical column separations. The total exchange capacity is 1.2 
meq/mL. 
The anion exchange column (Fig.2- 2) used contains 1.5g resin. Before use, 10 
ml of 3M HCl solution is dripped through the column to insure that the exchange sites 
are fully occupied by chloride ions. This is followed by two 15 ml rinses of deionized 
water (DI) to remove any excess chloride. The last 0.5 ml of deionized water is 
retained in the column to keep the resin beads fully hydrated. The columns are then 
tightly capped and stored at 4oC until needed. 
In the ﬁeld, 2L water sample is then ﬁltered through a 0.45 mm polycarbonate 
membrane to remove particles that might clog the resin. Nitrate is then sorbed on the 
anion exchange resin using the apparatus shown in Fig.2- 2. A ﬂow rate of 500-1000 
ml/h is achieved by adjusting the stopcock on the separatory funnel. After collecting 
the NO3
- the columns are capped and refrigerated at 4oC until they are transported to 
the laboratory for analysis (Silva et al., 2000). 
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Fig.2- 2 Apparatus used to retain nitrate from water samples on anion exchange 
resins (Silva et al., 2000). 
The NO3
- sorbed is stripped from the columns by gravity dripping five 3 ml of 
3M HCl through the column. The 15 ml of nitrate-bearing eluant is collected in 50 ml 
glass beakers. Because HNO3 is volatile, it must be neutralized before freeze drying. 
6.5g silver oxide (Ag2O) is used for neutralization of the eluant. A ﬁnal pH of about 
5.5-6 is veriﬁed by pH paper. The AgCl precipitate is removed by ﬁltration through 
DI-rinsed. Additional DI water is used to rinse the sample nitrate through the ﬁlter, 
bringing the sample volumes to about 40 ml each. Because AgNO3 is light-sensitive, 
care should be taken in all subsequent steps to minimize exposure to light. Then the 
eluent is dried by freeze-drying. After freeze-drying, the AgNO3 is re-dissolved by 
adding 2 ml of DI water to each beaker and swirling it over the bottom and sides 
(Silva et al., 2000). The dried AgNO3 is then combusted to N2 in sealed quartz tubes 
for analysis by Integra CN mass spectrometer made by Pdz Europa LTD at Chiba 
University, Japan. All the samples were measured twice and the result showed the 
difference between the two measurements less than ±5%. Then the mean of two 
measurements was treated as the value of δ15N-NO3 used in this study. 
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2.2.3 CFCs analysis 
The wells are purged before sampling. Water samples are collected in the field in 
50 mL glass bottles fitted with metal foil-lined caps. The metal foil cap liner provides 
a tight seal and the air and CFCs adsorbed on the metal surface are easily washed 
away by rinsing with sample water. The empty glass bottle is put in a metal container. 
The sample water is flushed through a suitable tubing (copper, stainless steel or nylon) 
directly to the bottom of the glass bottle. The bottle is filled with water until it 
overflows. CFCs were analyzed by closed system purge and trap gas chromatography 
with electron capture detector (GC-ECD) at Chiba University, Japan.  
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3 Land Use Change and Hydrochemical 
Characteristics in the NECP 
Land-use/cover change has become an event being of paramount importance to 
the study of global environmental change. Land-cover change is closely related to the 
terrestrial surface material cycles and life-support processes, i.e., the interaction 
between biosphere and atmosphere, biodiversity, biogeochemical cycle and 
sustainable exploitation of resources. The series of scientific study programs, issued 
and promoted by IGBP and IHDP in 1995, make the study of land-use and land-cover 
change (LUCC) become one of the hot topics in the global environmental change 
study. As mentioned before, the land use change has been treated as a main factor 
controlling the inputs of chemicals to the water environment. 
The major ion composition of river water (e.g., Ca2+, Mg2+, Na+, K+, HCO3
-, 
SO4
2- and Cl-) reveals the nature of weathering and a variety of other natural and 
anthropogenic processes on a basin-wide scale. Major element chemistry of river 
water also provides important insight into global biogeochemical cycles of elements 
in the continent-ocean-atmosphere system (Chen et al., 2002). Numerous studies on 
major ions and dissolved loads of larger rivers in China have been carried out to 
examine hydrochemical characteristics, chemical erosion and CO2 consumption rates, 
and long term climatic evolution of the Earth (Chen et al., 2002; Ran et al., 2010; Wu 
et al., 2008; Xu and Liu, 2010; Zhang et al., 2010; Zhang et al., 2007).  
Since the first report detailing major ion chemistry of large Chinese rivers in the 
international literature (Ming-Hui et al., 1982), several river biogeochemistry studies 
have been initiated, especially concerning the Changjiang (Yangtze River) and 
Huanghe (Yellow River) (Chen et al., 2002; Zhang et al., 1995). It has been found that 
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with increasing population pressure and rapid economic development, the two longest 
rivers in China have been significantly impacted by some of the syndromes identified 
by Meybeck (2003), including industrial sulfide pollution (Chen et al., 2002) as well 
as water diversion, damming and farmland irrigation. 
3.1 Land use change in the NECP 
The characteristics of land use change in the NECP during the period of 
1990-2000 are intensively discussed by Liu et al. (2005) and the result is showed in 
Fig.3- 1. It is found that during the period of 1990-2000, the areas of arable land, 
grass and unused land were decreasing, and the arable land had the highest decreasing 
rate of about 38%. The decreasing rates of grass and unused land were about 14% and 
10%, respectively. The areas of forest, residence land and water were increasing with 
increasing rates of 19%, 19% and 23%, respectively. 
The land use change also showed two changing stages from 1990 to 2000. In the 
first period from 1990 to 1995, the land use changed dramatically, while the in the 
second period, the land use change was small. In the first period, arable land 
decreased about 36% which had the highest changing rate in the NECP. The 
decreasing rates of grass and unused land were 8% and 4%, respectively. The forest, 
residence land and water had the similar increasing rates, which were 16%, 14% and 
17%, respectively. 
In the second period, the arable land was stable with a very small decreasing rate 
of 2%. The decreasing rates for grass and unused land were about 6% and 7%. The 
increasing rates for forest, residence land and water were also lower than that in the 
first period, and the increasing rates were 3% for the forest, 5% for the residence land 
and 7% for the water, respectively. 
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Fig.3- 1 Landuse change ratio during two period (1990-1995 and 1995-2000) in 
the NECP. Modified from Liu et al. (2005) 
The land use change in the NECP also showed significant spatial heterogeneity. 
In the Sanjiang Plain, land use change was significant. Large areas of wetland and 
grass have changed into the paddy and dry land. While in the Songnen Plain and the 
Taizi River basin, the land use change among different types were not significant, but 
the land use change between paddy and dry land was very frequent. In these two areas, 
the changing rate from dry land to paddy was 706.5 km2/year, and the rate from paddy 
to dry land was 402.3 km2/year. 
3.1.1 Land use change in the Sanjiang Plain 
The land use change characteristics in the Sanjiang Plain are described here in 
details due to the significant change among different land use types. The land use 
types used in this study were classified into arable land including paddy (PAD) and 
dry land (DRY), forest (FOR), grass (GRA), water body (WAT), resident and industry 
(RES) and wetland (WET). In the year of 2000, the arable land was the largest land 
use type and took up 51% of the total area of the Sanjiang Plain. Forest was the 
second largest land use type with a ratio of about 21%. The ratios for the grassland, 
water, residence land and wetland were 8%, 2%, 1% and 15%, respectively. 
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The spatial trend of the land use change in the Sanjiang Plain is very significant. 
From 1980 to 2005, ratios of the variations for arable land, forest, grass and wetland 
were 20%, -1%, -3% and -15%, respectively (Fig.3- 2). The large scale agriculture 
exploration has made the Sanjiang Plain become one of the biggest and most 
important grain producing bases in China. 
 
Fig.3- 2 Variations of the major land use types in the Sanjiang Plain from 1980 to 
2005 
3.1.2 Land use change in the Songnen Plain 
The land use variation from the year of 1980 to 2010 is showed in Fig.3- 3. The 
arable land is the dominating land use type with an average area 1.25×105 km2 which 
takes up about 58% of the total study area. The land use type of the second large area 
is the forest with an area of 0.27×105 km2 which takes up about 12% of the total area. 
The residence land use has the smallest area and takes up about 4.5% in the study area. 
In the Songnen Plain, the time variations of land use are relative stable and show 
different pattern comparing with that in the Sanjiang Plain. Arable land showed 
increasing trend from 1980 to 2010 with a rate of about 0.21% per year. The grass 
shows a decrease with a rate of -0.10% per year. Other land use changed slightly 
during 1980-2010. 
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Fig.3- 3 Variations of the major land use types in the Songnen Plain from 1980 to 
2010 
3.1.3 Land use change in the Taizi River basin 
The land use change from 1980 to 2010 in the Taizi River basin is showed in 
Fig.3- 4. It is found major land use types change slightly during this period. 
 
Fig.3- 4 Variations of the major land use types in the Taizi River basin from 1980 
to 2010 
3.2 Spatial distribution of major ions in the NECP 
3.2.1 Filed parameter 
The box plot for the filed parameters such as EC, pH, Eh and DO for the 
groundwater and surface water in the NECP are showed in the Fig.3- 5. Generally 
speaking, the EC of the groundwater with an average value 577 us/cm are higher than 
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that of the surface water with an average of 383 us/cm. The average pH for the 
groundwater and surface water are 7.3 and 8.0, respectively, showing that the surface 
water is more alkalinity. Both the Eh and DO of the surface water are higher than that 
of the groundwater. The mean values of the Eh and DO are 125 mv and 2.71 mg/L for 
the groundwater and 206 mv and 5.49 mg/L for the surface water. It implies that the 
redox condition for the groundwater is reducing environment. 
 
Fig.3- 5 The boxplot of EC (us/cm), pH, Eh (mv) and DO (mg/L) in the Northeast 
Plain 
General water chemistry also shows spatial variation in the NECP. More 
specifically, for surface water, in the Songnen Plain EC shows the lowest value with 
an average of 155 us/cm. The samples came from the Sanjiang Plain are slightly 
higher than the samples came from the Songnen Plain, having an average value of 172 
us/cm. The samples came from the Taizi River basins have the highest EC with a 
mean of 498 us/cm. For the groundwater, the samples came from the Sanjiang Plain 
have the lowest EC values with an average of 403 us/cm, while the samples from the 
Sonnen Plain show the highest values with an average of 721 us/cm. In the Taizi River 
basin, the EC has an average of 665 us/cm. 
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For the groundwater, the pH difference among the three areas is not significant, 
and the average pH for the Sanjiang Plain, the Sonnen Plain and the Taizi River basin 
are 7.44, 7.21 and 7.21, respectively. But for the surface water, the difference is more 
significant. The average pH values for the samples came from the Sanjiang Plain and 
the Taizi River are higher than 8.0, while the pH values in the Sonnen Plain are lower 
than 8.0 with an average value of 7.67. 
3.2.2 Spatial characteristics of major elements 
(1) TDS 
The mean values of the TDS and major elements for the three study area are 
showed in Table 3- 1. For the surface water, the total dissolved solids (TDS) 
concentration in the NECP ranged from 282 to 1110 mg/L, with an average of 282 
mg/L which was higher than the world median (65.0 mg/L) (Meybeck and Helmer, 
1989) and other Chinese rivers such as the Changjiang River (205.9 mg/L), the Pearl 
River (192.0 mg/L) and the Huai River (214.2 mg/L), but lower than the Yellow River 
(486.4 mg/L). The highest TDS was observed in the Sanjiang Plain which was 
suffered from local pollution. But, generally speaking, the surface water samples from 
the Taizi River basin have the highest TDS, ranging from 101 mg/L to 806 mg/L with 
an average of 335 mg/L. The Songnen Plain has the lowest surface water TDS with an 
average of 151 mg/L, ranging from 45 mg/L to 255mg/L. The TDS of the surface 
water is also low in the Songnen Plain with an average of 188 mg/L, but some of the 
samples have very high TDS higher than 1000 mg/L due to local pollution. 
For the groundwater, the Songnen Plain has the highest TDS with an average of 
582 mg/L, ranging from 82 mg/L to 1941 mg/L. The groundwater samples from the 
Taizi River have the second highest TDS with an average of 454 mg/L, ranging from 
188 mg/L to 949 mg/L. The Sanjiang Plain has lowest TDS with an average of 346 
mg/L ranging from 78 mg/L to 1215 mg/L. It is found that the local pollution of the 
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groundwater existed in both the three study area because extreme high TDS were 
observed all over the NECP. 
Table 3- 1 Mean values of the major elements for the three study area 
type 
 
Ca
2+
 Mg
2+
 Na
+
 K
+
 HCO3
-
 Cl
-
 SO4
2-
 NO3
-
 SiO2 TDS 
  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
GW 
Sanjiang 50.40 14.49 17.68 2.85 208.68 19.11 19.63 14.83 33.13 380.8 
Songnen 59.90 17.52 69.51 3.46 312.43 53.84 30.12 35.80 17.27 599.85 
Taizi 60.46 12.55 18.09 3.35 178.82 50.70 78.61 51.87 
 
454.45 
Total 56.28 14.90 34.29 3.18 233.21 39.13 39.72 32.42 23.68 476.81 
SW 
Sanjiang 26.36 7.49 10.79 2.19 104.18 6.97 19.86 10.02 16.76 204.62 
Songnen 16.53 4.32 9.37 4.55 73.74 22.32 12.54 8.17 18.25 169.79 
Taizi 47.47 11.17 19.32 4.32 135.13 26.61 72.68 18.56 5.19 340.45 
Total 39.42 9.62 16.31 3.83 121.76 21.38 53.90 15.46 10.69 292.37 
(2) Major cations 
A large number of chemical analyses for the major ions can be compiled in the 
so-called Piper diagram. The Piper diagram contains two triangular charts for 
depicting the proportions of cations and anions, expressed in milliequivalents per liter 
(meq/L). The triangle for cations has 100% Ca2+ in the left corner, 100% Na++K+ 
towards the right and 100% Mg2+ upwards. The sum of the concentrations of the three 
ions, in meq/L, is recalculated to 100% and the relative composition is plotted in the 
triangle. For anions the triangle has 100% carbonate (HCO3
-) to the left, Cl- to the 
right and SO4
2- on the top. Fig.3- 6 gives a Piper diagram with the composition of 
water waters from the NECP. Note that mineral waters are retrieved from almost any 
rock type and accordingly there is also a large variation in their chemical composition. 
The diagram shows that limestones and marls produce a CaMg-HCO3 type of water, 
whereas groundwater in metamorphic rocks (schists, sandstones, etc.) or igneous 
rocks (granites and magmatic rocks) also contain high concentrations of elements 
such as Na+, K+, and Cl-. 
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Fig.3- 6 Piper plot for the water samples in the NECP 
The cation compositions are showed in the left triangular chart in the Fig.3- 6. 
Generally speaking, for the surface water it is found that the water samples are located 
in the left corner of the left triangular chart, which shows that the prevalent cations are 
Ca2+>Mg2+>Na++K+ in the NECP. Ca2+ is the dominant cation which ranged from 
0.19-6.35 meq/L with an average of 1.97 meq/L, and accounted for 32-72% of the 
total cation (in meq/L). The second abundant cation is Mg2+ ranging from 0.11 to 2.78 
meq/L with an average of 0.80 meq/L. And it contributes to 15-42% of the total cation. 
Na++K+ varied from 0.02 to 3.40 meq/L with an average of 0.72 meq/L. Specifically 
the proportion of Ca2+ have the highest values with an average of 57% in the Taizi 
River basin. The proportion of Ca2+ in the Sanjiang Plain has the second highest 
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values with an average of 54%. The samples from the Songnen Plain have the lowest 
proportion of about 48%. The proportion of Na++K+ in the Songnen Plain has the 
highest value with an average of 30%, and its proportion is observed almost the same 
in the Sanjiang Plain and the Songnen Plain with an average of 21%. In the Sanjiang 
Plain, Mg2+ has the highest proportion with an average of 25%, and the Mg2+ 
proportions in the Songnen Plain and Taizi River show the same values with an 
average of about 21%. 
For the groundwater, most of the water samples are located in the left corner of 
the cation triangular chart except for most the samples came from the Songnen Plain. 
Generally speaking, it is found that the prevalent cations are Ca2+>Na++K+> Mg2+ in 
the NECP. Comparing with the surface water, the groundwater have more Na++K+. In 
average, the Ca2+ proportion is about 52% which is slightly lower than that in the 
surface water. The Na++K+ proportion is about 25% which is higher than that in the 
surface water. The Mg2+ has the lowest proportion with an average 23%. The spatial 
characteristic of the cation composition in the groundwater is described as bellows: in 
the Sanjiang Plain and the Taizi River Bain, the groundwater cation composition have 
similar pattern with the surface water, the Ca-dominating pattern. But in the Songnen 
Plain, the proportion of Na++K+ is quite high with an average of 37%, and the max 
values have exceed 90% to the total cations (in meq/L). It results that the samples 
began to stretch into the right corner of the cation triangular chart. 
(3) Major anions 
The anion compositions are showed in the right triangular chart in the Fig.3- 6. 
Generally, for the surface water, HCO3
- is the dominate anion and is followed by 
SO4
2- and Cl-. HCO3
- ranges from 0.31 to 16.53 meq/L with an average of 2.80 meq/L, 
and it takes up about 64% of the total anions (in meq/L). SO4
2- has a range from 0.00 
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to 7.08 meq/L with an average of 0.99 meq/L. It contributes about 21% of the total 
anions. Cl- ranges from 0.01 to 8.99 meq/L with an average of 0.82 meq/L, and it 
contributes about 15% of the total anions. Specifically, in the Sanjiang Plain, 
dominating HCO3
- with an average of 1.70 meq/L contributes 70% of the total anions. 
In the Songnen Plain, HCO3
- is higher than that in the Sanjiang Plain with an average 
of 2.22 meq/L, but its proportion is lower and has an average of 54%, and this is 
because the concentrations of other anions such as SO4
2- are high in the study area. In 
the Taizi River basin, the concentration of HCO3
- has the lowest value with an 
average of 1.21 meq/L, and contributes 58% to the total anions. The Taizi River basin 
has the highest SO4
2- with an average of 1.51 meq/L and its proportion to the total 
anions is about 31%. 
Comparing with the surface water samples, the groundwater samples show a 
more narrow range in the left corner of the right triangular chart. And it is found that 
most of the groundwater samples have dominating HCO3
-, which with an average of 
3.82 meq/L contributes about 70% of the total anions. The average value for Cl- and 
SO4
2- are 1.10 and 0.83 meq/L, respectively. The contributions of Cl- and SO4
2- only 
take up about 16% and 15% of the total anions. Specifically, HCO3
- has the highest 
values with an average of 5.12 meq/L ranging from 0.19 to 16.53 meq/L in the 
Songnen Plain. The mean values of HCO3
- for the Sanjianig Plain and the Taizi River 
are 3.42 and 2.93 meq/L, respectively. The samples from the Songnen Plain have the 
highest values of Cl- with an average of 1.52 meq/L, and the lowest Cl- is observed in 
the Sanjiang Plain with an average of 0.54 meq/L. The mean value of Cl- in the Taizi 
River basin is about 1.42 meq/L, which is slightly lower than that in the Songnen 
Plain. In the Taizi River basin, the highest SO4
2- values with an average of 0.28 meq/L 
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are observed. The concentrations of SO4
2- are low with an average of 0.09 in the 
Sanjiang Plain and 0.09 meq/L in the Taizi River, respectively. 
3.2.3 Comparing with the World Rivers 
The Gibbs Plot is employed here to compare the hydrochemical compositions of 
the major river in the NECP and world rivers (Fig.3- 7).The median of the TDS for 
the world rivers is about 65mg/L (Meybeck and Helmer, 1989). Most of the large 
rivers such as the Anazon, the Changjiang River, and the Lena River have a higher 
TDS than the median of the world rivers. The water samples came from the NECP 
also show higher TDS than the median of the world rivers with average of 282mg/L. 
The TDS of the Songhua River has similar TDS with the Pearl River, the St. 
Lawrence River and the Ganges. The River in the Sanjiang Plain shows a slight larger 
than the Songhua River, and is similar with the Changjiang River and the Huai River. 
The Taizi River has the relative high TDS than other world rivers except for the 
Yellow River. 
The Songhua River have the similar Na+/(Na++Ca2+) ratio with median of the 
world rivers, while the Na+/(Na++Ca2+) ratios for the rivers in the Sanjiang Plain and 
the Taizi River basin are lower than the world median. The Taizi River, the rivers in 
the Sanjiang Plain and the Ganges have almost the same Na+/(Na++Ca2+) ratios with 
an average of 0.28. For the ratio of Cl-/(Cl-+HCO3
-), the samples from the Songnen 
Plain and the Taizi River basin are higher than the world median, while it is lower 
than the world median in the Sanjiang Plain. 
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Fig.3- 7 Gibbs plot for the river in the NECP and world river 
3.3 Temporal variation of major ions in the NECP 
The temporal variations of major ions in the NECP are evaluated based on the 
data came from two hydrological stations: the Jiamusi station on the Songhua River 
and the Baoqing station on the Naoli River. The general description on these two 
stations is listed in Table 3- 2.  
Table 3- 2 General descriptions of two typical hydrological stations in the 
NECP 
Name Controlling area Geology Land use 
Jiamusi 527795 km
2
 
Located on the outlet of 
the Songhua River basin 
Gneiss with inclusions of marble 
and metamorphic peridotite. 
granite, diorite and basalt, 
Arable: 60.85% 
Forest: 13.01% 
Grass: 7.89% 
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(Songnen Plain) sandstones scatter in the entire 
basin, quaternary sediments 
Water: 4.24% 
Residence: 5.29% 
Unuse: 3.89% 
Wetland: 4.83% 
Baoqing 3689 km
2
 
Located on Naoli River 
which is the largest 
tributary of the Wusuri 
River (Sanjiang Plain) 
 Arable: 27.97% 
Forest: 60.90% 
Grass: 7.65% 
Residence: 1.40% 
Unuse: 0.01% 
Wetland: 2.06% 
3.3.1 The seasonal variation 
(1) The Sanjiang Plain 
 
Fig.3- 8 The seasonal variation of major cations in the Baoqing station of the 
Sanjiang Plain 
 
Fig.3- 9 The seasonal variation of major anions in the Baoqing station of the 
Sanjiang Plain 
The Baoqing hydrological station is located in the Naoli River which is the 
largest tributary in the Sanjiang Plain. The month average values of major ions at the 
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Baoqing station and average month precipitation of the Sanjiang Plain are plotted to 
illustrate seasonal variations of major ions in the Songhua River (Fig.3- 8 and Fig.3- 
9). All the ions shows significant seasonal variations, with variation factors (VF: the 
ratio of the highest to the lowest value in a year) for Ca2+, Mg2+, Na++K+, Cl-, SO4
2- 
and HCO3
- being 3.07, 2.80, 4.06, 1.99, 3.83, and 3.23, respectively. All the ions 
showed significant decreases in wet season due to dilution, which was similar to the 
Amazon River (Gibbs, 1972) and Lena River (Gordeev and Sidorov, 1993), but 
different from the Changjiang River where the concentrations of TDS and major ions 
of the river water did not vary greatly in different seasons (Chen et al., 2002). 
(2) The Songnen Plain 
 
Fig.3- 10 The seasonal variation of major cations in the Jiamusi station of the 
Songnen Plain 
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Fig.3- 11 The seasonal variation of major anions in the Jiamusi station of the 
Songnen Plain 
The Jiamusi hydrological station is the last station in the main channel of the 
Songhua River before it flows into the Heilong River. The month average values of 
major ions and runoff at the Jiamusi station were plotted to illustrate seasonal 
variations of major ions in the Songhua River (Fig.3- 10 and Fig.3- 11). All the ions 
showed significant seasonal variations, with variation factors (VF: the ratio of the 
highest to the lowest value in a year) for Ca2+, Mg2+, Na++K+, Cl-, SO4
2- and HCO3
- 
being 2.16, 2.28, 2.26, 1.78, 2.23, and 2.61, respectively. All the ions showed 
significant decreases in wet season due to dilution, which was similar to the Amazon 
River (Gibbs, 1972) and Lena River (Gordeev and Sidorov, 1993), but different from 
the Changjiang River where the concentrations of TDS and major ions of the river 
water did not vary greatly in different seasons (Chen et al., 2002). 
By comparing the seasonal variation of major ions in the two typical 
hydrological stations, it is found that in the NECP the lowest concentrations of major 
ions are observed in the Baoqing station in the April and May (spring), not in the 
summer when the river has the highest runoff. This is due to the spring flood occurred 
in the NECP. But for the Jiamusi station, the lowest concentrations of major ions are 
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observed during spring and summer because of large controlling area of this station 
which homogenizes the temporal variations of major ions. 
3.3.2 Long time trend 
(1) The Sanjiang Plain 
Furthermore, the major ions from 1962 to 1984 at the Baoqing hydrological 
station were used to evaluate the long-term trend of major ions in the Naoli River 
basin (Fig.3- 12). Ca2+, Mg2+, Na++K+, Cl-, and HCO3
- showed significant increasing 
trends in the study area. No significant trends were detected for other ions. The 
increasing rates calculated by linear fit for Ca2+, Mg2+, Na++K+, Cl-, and HCO3
- ions 
were 0.15 mg/yr, 0.09 mg/yr, 0.55 mg/yr, 0.12 mg/yr and 2.35 mg/yr, respectively. For 
the concentration of SO4
2-, it showed a significant decreasing trend with a rate of 
-0.20 mg/yr. The long-term variations observed in the Naoli River are different from 
that in the Changjiang River. A significant increasing trend for Cl- and SO4
2- in the 
Changjiang River was explained by intensified acid deposition because of increases in 
coal consumptions (Chen et al., 2002). 
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Fig.3- 12 Long term trends of major ions at the Baoqing station. Trends were 
considered statistically significant when p<0.01. The red dash line represents the 
increasing trend and the blue dash line represents the decreasing trend. When 
there was a statistically significant trend, the rate of change was quantified by 
linear fitting slope. 
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(2) The Songnen Plain 
 
Fig.3- 13 Long term trends of major ions at Jiamusi station. Trends were 
considered statistically significant when p<0.01. The red dash line represents the 
increasing trend. When there was a statistically significant trend, the rate of 
change was quantified by linear fitting slope. 
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Furthermore, the major ions from 1962 to 1984 at the Jiamusi hydrological 
station were used to evaluate the long-term trend of major ions in the Songhua River 
basin (Fig.3- 13). Ca2+, Na++K+ and HCO3
- showed significant increasing trends in 
the study area. No significant trends were detected for other ions. The increasing rates 
calculated by linear fit for Ca2+, Na++K+ and HCO3
- ions were 0.22 mg/yr, 0.63 mg/yr 
and 2.35 mg/yr, respectively. The long-term variations observed in the Songhua River 
basin were different from that in the Changjiang River. A significant increasing trend 
for Cl- and SO4
2- in the Changjiang River was explained by intensified acid deposition 
because of increases in coal consumptions (Chen et al., 2002). 
3.4 Conclusion 
(1) In the NECP, during the period of 1990-2000, the areas of arable land, grass 
and unused land were decreasing, and the arable land had the highest decreasing rate 
of about 38%. The decreasing rates of grass and unused land were about 14% and 
10%, respectively. The areas of forest, residence land and water were increasing with 
increasing rates of 19%, 19% and 23%, respectively. 
(2) For the surface water, the total dissolved solids (TDS) concentration in the 
NECP ranged from 282 to 1110 mg/L, with an average of 282 mg/L which was higher 
than the world median and other Chinese rivers. For the groundwater, the Songnen 
Plain has the highest TDS, the Taizi River has the second highest TDS and the 
Sanjiang Plain has lowest TDS. The hydrochemical patterns for the samples are 
mainly Ca-HCO3 type. 
(3) It is found that in the NECP the seasonal variations of major ions are 
significant, and the lowest concentrations of major ions are observed in the Baoqing 
station in the April and May (spring) showing that the spring flood occurred in the 
NECP. But for the Jiamusi station, the lowest concentrations of major ions are 
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observed during spring and summer because of large controlling area of this station 
which homogenizes the temporal variations of major ions. 
(4) In the Baoqing station, Ca2+, Mg2+, Na++K+, Cl-, and HCO3
- showed 
significant increasing trends, while for the concentration of SO4
2-, it showed a 
significant decreasing trend with a rate of -0.20 mg/yr. In the Jiamusi station, Ca2+, 
Na++K+ and HCO3
- showed significant increasing trends, and no significant trends 
were detected for other ions.  
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4 Mechanisms controlling the hydrochemistry 
The Gibbs plot (Gibbs, 1970) gives an overall understanding on the possible 
processes that affect the hydrochemistry in the NECP (Fig.4- 1). 
 
Fig.4- 1 Gibbs plot for all the water samples in the NECP 
The first of these mechanisms is atmospheric precipitation. The chemical 
compositions of low-salinity waters are controlled by the amount of dissolved salts 
furnished by precipitation. These waters consist mainly of the tropical rivers of Africa 
and South America having sources in thoroughly leached areas of low relief in which 
the rate of supply of dissolved salts to the rivers is very low and the amount of rainfall 
is high-much greater in proportion to the low amount of dissolved salts supplied from 
the rocks. The samples which are near to the precipitation end member are the surface 
water samples came from the Sanjiang Plain, but generally speaking, most of the 
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samples are located far away from the precipitation corner, and it implies that the rain 
inputs contribute little to the dissolved salts (major ions) in the NECP. 
The second mechanism controlling water chemistry is the mineral dissolution. 
The waters of this rock-dominated end-member are more or less in partial equilibrium 
with the materials in their basins. Their positions within this grouping are dependent 
on the relief and climate of each basin and the composition of the material in each 
basin. Almost all of the samples in the NECP are located in this region and shows that 
the mineral dissolution (rock weathering) are the dominating process which control 
the local hydrochemistry evolution. It is also found that the groundwater have higher 
TDS due to the long residence time resulting long time for water-rock reaction than 
the surface water. 
The third major mechanism that controls the chemical composition of waters is 
the evaporation-fractional crystallization process. This mechanism produces a series 
extending from the Ca-rich, medium-salinity (freshwater), "rock source" end-member 
grouping to the opposite, Na-rich, high-salinity end-member. This change in 
composition and concentration is due to evaporation, which increases salinity, and to 
precipitation of CaCO3 from solution, which increases the relative proportion of Na
+ 
to Ca2+. The rivers and lakes in this group are usually located in hot, arid regions. 
Some groundwater samples from the Songnen Plain show a significant evaporation 
and concentration process due to the soil salinization caused by the unreasonable 
irrigation. 
4.1 Rain inputs and effect of evaporation 
Rainwater has been recognized as an important source of dissolved species in 
surface waters (Appelo and Postma, 2005; Gibbs, 1970; Stallard and Edmond, 1981). 
The contribution of atmospheric inputs to dissolved salt loads in rivers is expected to 
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be estimated by Cl-normalized ratios of rainwater when there are no terrestrial sources 
of this element (Negrel et al., 1993). 
In the Songhua River, the contribution of Cl- to dissolved salt loads in rivers is 
expected to decrease with increasing distance from the sea when there are no 
terrestrial sources effects (Stallard and Edmond, 1981). However, in the Songhua 
River basin, the Cl- concentrations elevated in some inland stations located in the 
southwest rather than in the seaward stations (Fig.4- 2). It is implied that in addition to 
precipitation inputs, the Cl- also had other origins such as weathering of evaporite 
rocks or anthropogenic sources. 
 
Fig.4- 2 The concentration of Cl
-
 vs distance from sea. 
Contributions from precipitation inputs can be estimated as Cl-, which behaves 
conservatively through the hydrological cycle (Appelo and Postma, 2005; Ollivier et 
al., 2010). Yi et al., (2010) reported chemical data of precipitation at the 
Longfengshan (LFS) hydrological station located around the center of the study area. 
It was found that the SO4
2-/Cl- molar ratio in precipitation was about 3.65, implying a 
sulfate enrichment of rainwater with respect to sea origin salt (SO4
2-/Cl-=0.05). The 
Ca2+ and Mg2+ also suggested terrestrial sources with a high Cl-normalized ratio (1.75 
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and 0.49, respectively) comparing with sea origin salt (0.02 and 0.01, respectively). 
Runoff coefficient of the Songhua River was about 0.21 (Song et al., 2010), and the 
evapotranspiration factor of the major ions in this study was set as 4.72, which should 
be the reciprocal of the runoff coefficient (Ollivier et al., 2010). Accordingly, major 
ions concentrations of precipitation and its conctibution to river water were estimated. 
It was found that as a whole the atmospheric inputs contributed 16.5% of Ca2+, 8.9% 
of Mg2+, 11.6% of K++Na+ and 17.3% of Cl- in the Songhua River basin. 
4.2 Mineral weathering 
4.2.1 Evaporites 
It is often assumed that chloride and sodium in groundwater is dominantly 
derived from marine salts. The possible sources include: (1) salts in precipitation, (2) 
leaching of “fossil” salts from the aquifer, (3) intrusion of sea water. Other possible 
minor sources include anthropogenic sources: fertilizers, road salts, industrial 
emissions of HCl, and lithological sources: Cl occurs as a trace component of many 
mineral phases and fluid inclusions. The source of sodium is more complex, as a 
significant component of sodium is derived from lithological sources e.g. feldspar 
weathering. The relation between Na and Cl was showed in Fig.4- 3. 
From Fig.4- 3, it is found that when the concentrations of Na+ and Cl- are lower 
than about 1 meq/L, most of the surface water samples are located below the 1:1 line 
showing the evaporates dissolution. And except some groundwater samples from the 
Songnen Plain and Taizi River basin are located along the brine water line, most of the 
groundwater samples are also located below the evaporates dissolution line, implying 
the excess Na+ occurred in the groundwater. The excess Na+ mainly comes from the 
Na-bearing silicate weathering, such as albite. When the concentrations of Na+ and Cl- 
range from 1 meq/L to 2 meq/L, the some surface water samples from the Taizi River 
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begin to move to the brine water line, but other surface water samples are still located 
below the evaporates dissolution line. 
 
Fig.4- 3 Relation between Na
+
 and Cl
-
 (in meq/L). The red line, the blue line and 
the dot line represents the ratio of Na and Cl in brine water (the ratio of Cl and 
Na is 1:1.85) resulted from salinization, the seawater (the ratio of Cl and Na is 
1:1.16) and congruent dissolution of evaporates (the ratio of Cl and Na is 1:1), 
respectively. 
Another important evaporate is gypsum, which contribute Ca2+ and SO4
2- to the 
surface water and groundwater. From Fig.4- 4, it is found that most of the surface 
water samples are located below the 1:1 line, showing an excess of Ca2+ to the SO4
2-. 
Some of the surface water samples from the Taizi River basin show that SO4
2- is 
higher than Ca2+, which is resulted from the dissolution of sodium sulfate. For the 
groundwater, many samples from the Songnen Plain are located along the 1:1 line 
implying the importance of gypsum dissolution. Other groundwater samples are all 
located below the 1:1 line. The groundwater samples from the Sanjiang Plain show a 
much deficit of SO4
2- comparing with Ca2+. 
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Fig.4- 4 Relation between Ca
2+
 and SO4
2-
 in the NECP. The solid line shows the 
1:1 line 
4.2.2 Carbonates 
In the case of carbonates, calcite and dolomite are two major minerals which 
contribute to the hydrochemistry of the surface water and groundwater. Fig.4- 5 gives 
the correlation between Ca
2+
+Mg
2+
 and HCO3
-
 in the NECP. It is found that most of 
the groundwater samples came from the Sanjiang Plain and Taizi River basin are 
located along the 1:1 line, which implying that the carbonate dissolution is the 
dominating process which controlling the groundwater chemistry in the two study 
areas. The groundwater samples from the Songnen Plain scatters around the 1:1 line, 
and the samples above the 1:1 line are affected by the dissolution of sodium sulfate, 
while the samples below the 1:1 line show the effect of mineral weathering by sulfuric 
acid. 
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Fig.4- 5 The relation between Ca
2+
+Mg
2+
 and HCO3
-
 in the NECP 
To discriminate the contribution of calcite and dolomite dissolution to the 
hydrochemistry in the NECP, the relation between Ca
2+
 and HCO3
-
 (in meq/L) is 
showed in Fig.4- 6. If the weathering is by carbonic acid, the equivalent ratio of 
dissolved HCO3
-
 to Ca
2+
 in the waters should be 1:1 for calcite weathering and 2:1 for 
dolomite weathering. The water samples are plotted in the area between the 1:1 line 
and 2:1 line, indicating both calcite and dolomite contribute the hydro-geochemical 
evolution in groundwater. Furthermore, many surface water samples came from the 
Taizi River basin are located below the 1:1 line, which showing the carbonate are 
weathered by other acid agent such as sulfuric acid. 
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Fig.4- 6 Relation between Ca
2+
 and HCO3
-
 in the NECP 
The relation between Ca
2+
+Mg
2+
 and HCO3
-
+SO4
2-
 in the NECP is showed in 
Fig.4- 7. The dissolution of sulfate minerals and/or oxidation of sulfide from sulfate 
evaporate strata (gypsum or anhydrite) have the capacity to dissolve the carbonate, 
then result in the dissolution of carbonate minerals as well as enhancing other ions 
(such as SO4
2-
) entering into the water. The most data are plotted along the 1:1 line for 
surface water and close to the line for groundwater indicating that the sulfide minerals 
or sulfuric acid is another weathering agent for the dissolution of carbonate rocks. 
 
Fig.4- 7 The relation between Ca
2+
+Mg
2+
 and HCO3
-
+SO4
2-
 in the NECP 
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4.3 Anthropogenic inputs 
Nitrate (NO3
-) is employed here to give an overall understanding on the 
anthropogenic inputs to the surface water and groundwater in the NECP (Fig.4- 8). In 
the Taizi River, NO3
- in both surface water and groundwater are higher than other 
areas. The average values for the SW and GW in the Taizi River are 18.56 and 51.87 
mg/L, respectively, and the GW have exceeded the WTO drinking water standard (50 
mg/L). The NO3
- in the SW and GW of the Sanjiang Plain has the lowest values with 
an average of 10.02 and 13.98 mg/L. The average NO3
- in the in the SW and GW of 
the Songnen Plain are 8.17 and 35.80 mg/L, respectively. 
The range of NO3
- concentrations in the groundwater are wider than that in the 
surface water showing that the spatial heterogeneity of the nitrate pollution in the 
groundwater. And it is also observed that the maximum NO3
- concentration occurs in 
the groundwater in the NECP. The max values for the NO3
- in the groundwater are 
153.29 mg/L for the Sanjiang Plain, 412.48 mg/L for the Songnen Plain and 247.06 
mg/L for the Taizi River basin, respectively. 
 
Fig.4- 8 Boxplot for the NO3
-
 in the NECP. In the figure, ID 1, 2 and 3 represent 
the Sanjiang Plain, the Songnen Plain and the Taizi River, respectively. 
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The molar ratios of NO3
-
 to Cl
-
 have different values in the NECP and indicate 
that NO3
-
 came from different sources enters into the river and groundwater (Fig.4- 9). 
The leaching of N-bearing fertilizer to the rivers could cause an increase of N but 
without significant increase of Cl
-
 and resulted in the NO3
-
/Cl
-
 ratio became higher. So 
in the Sanjiang Plain and the Taizi River, the NO3
-
 shows a significant agricultural 
source. The molar ratio of NO3
-
 to Cl
-
 in the Songnen Plain has relative low value 
showing a different source of NO3
-
. 
 
Fig.4- 9 The molar ratios of NO3
-
 to Cl
-
 in the NECP. ID 1, 2 and 3 represent the 
Sanjiang Plain, the Songnen Plain and the Taizi River, respectively. 
4.4 Conclusion 
(1) The Gibbs plot showed that almost all of the samples in the NECP are located 
in this region and shows that the mineral dissolution showing that rock weathering is 
the dominating process which control the local hydrochemistry evolution. It is also 
found that the groundwater have higher TDS due to the long residence time resulting 
long time for water-rock reaction than the surface water. 
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(2) Based on the stoichiometry calculation, it is found that the dissolution of 
carbonates caused by carbonic acid and sulfate acid result in the hydrochemical 
pattern in the NECP. 
(3) In the Taizi River, NO3
-
 in both the surface water and groundwater are higher 
than the other study areas due to local pollutions. The NO3
-
 concentrations in the SW 
and GW of the Sanjiang Plain have the lowest values, and the average values of the 
NO3
-
 have intermediate values in the Songnen Plain. The molar ratios of NO3
-
 to Cl
-
 
indicated that NO3
-
 came from different sources enters into the river and groundwater 
in the NECP.  
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5 Behavior of nitrate and its response to the land 
use change in the Sanjiang Plain 
5.1 Introduction 
Nitrate (NO3
-
) has been identified as one of the most problematic regional scale, 
widespread contaminant in water environment throughout the world (Howarth et al., 
2002; Orban et al., 2010; Spalding and Exner, 1993). Elevated NO3
-
 concentrations 
were reported in lakes (Ohte et al., 2010), rivers (Panno et al., 2008), aquifers (Chen 
et al., 2006; Somasundaram et al., 1993), estuaries (Wankel et al., 2009) and 
catchment headwaters (Ken'Ichi Osaka et al., 2010; Tang et al., 2004). In aquatic 
ecosystems, over enrichment of P and N causes many problems, such as toxic algal 
blooms, loss of oxygen, fish kills, loss of seagrass beds and other aquatic vegetation, 
degradation of coral reefs, and loss of biodiversity including species important to 
commercial and sport fisheries and shellfish industries (Carpenter et al., 1998b). 
Recently, the relation between land use and groundwater nitrate (NO3
-
) has been 
discussed widely, especially in agriculturally dominated area where elevated NO3
-
 
concentrations in groundwater have become serious problems to local water supplies. 
Nolan and Stoner (2000) compared the nitrate concentration in shallow groundwater 
with different land use and found that the most polluted wells were beneath the 
agricultural land in the United States. Choi et al. (2007) examined the effect of 
different land use on nitrate contamination by applying nitrogen isotope (δ15N-NO3) 
technique, and found that in residential areas the major source of nitrate 
contamination was the effluent from leaky septic tanks, while in cropping areas it 
mainly came from fertilizers. The close relation between land use and nitrate 
contamination prompts direct identification of nitrate sources or prediction of nitrate 
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concentrations from the land use types in the capture or buffer zone of a well. Mattern 
et al. (2009) took the area of the land use in the capture zone as the explanatory 
factors to discriminate the sources of the nitrate pollution by applying multiple 
regression and regression tree methods. In addition, Gardner and Vogel (2005) used 
tobit regression and logistic regression to predict groundwater nitrate concentration 
from land use. It has been concluded from these studies that land use strongly 
influences the groundwater qualities. However, the relation between land use and 
groundwater nitrate and the detection of its trends are more complicated because of 
long travel times of groundwater; chemical processes along the pathway; spatial 
variability of contaminant concentrations in recharging groundwater, and short term 
natural temporal variability of groundwater composition at the monitored depths 
(Broers and Grift, 2004). Visser et al. (2007, 2009) took into account groundwater 
residence time and possible geochemical processes along the flow path in a region 
with homogeneous land use to find out the conditions under which the concentrations 
of reactive solutes may be related to the travel times. However, how the 
concentrations of nitrate may be related to the changing land use is a challenging 
problem. 
Groundwater age-dating has been applied as a tool for analyzing trends of 
pollutants by relating the measured concentrations of pollutants to their recharge time 
(Böhlke and Denver, 1995; Burow et al., 2007; MacDonald et al., 2003; Wassenaar et 
al., 2006). As one of the age-dating traces, chlorofluorocarbons (CFCs) are recognized 
as powerful tools for groundwater age dating, and have been successfully used to 
determine groundwater ages and flow paths in many studies (Cook and Solomon, 
1995; Han et al., 2012; Liu et al., 2013; Oster et al., 1996; Plummer et al., 2001). 
Based on the age-dating, nitrate carried by groundwater of different ages reflects 
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pollutions caused by the land use or human activities at the recharge time, and allows 
for reconstruction of nitrate pollution history. This is the critical pathway linking 
nitrate to changing land use in this study. 
When nitrate behaves conservatively, the nitrogen isotope for nitrate (δ15N-NO3) 
can be used to identify its sources and behaviors in the groundwater (Chen et al., 2006; 
Choi et al., 2007; Kaown et al., 2009; Vitòria et al., 2005). However, when nitrate 
concentrations have been changed by geochemical processes, δ15N-NO3 values may 
also change significantly and cannot reflect the characteristics of the original nitrate 
sources. Under this condition, the changed nitrate concentrations no longer represent 
the historical recharge concentrations (Visser et al., 2009) and may show trends that 
are different from the trends of the land use variation. So it is necessary to assess the 
effect of the geochemical processes on the nitrate transport. Hydrogeochemical tools 
are traditional methods used to investigate the influence of possible chemical 
reactions to the nitrate transport. The tools include several redox reactions relating to 
the formation and attenuation of nitrate in the regional groundwater (Appelo and 
Postma, 2005; Thayalakumaran et al., 2008). 
The Sanjing Plain, as a part of the Songhua River basin，is located in the 
northeast part of China. The plain is one of the biggest and most important grain 
production bases in China. Lots of wetlands have been exploited into crop lands since 
1950s. In 2005, the area of crop lands was about 55688 km
2
, three times than that in 
1954 (Song et al., 2008). The use of fertilizers is suspected as the major nonpoint 
source contributing to the nitrogen pollution of surface water and groundwater in the 
Sanjiang Plain (Yong et al., 2007). Large scale changes of land use have been 
considered to contribute to nitrate pollutions of the regional groundwater in the 
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Sanjiang Plain (Yong et al., 2007), but the relation between the changing land use and 
the groundwater nitrate contamination is not clear in this area. 
Thus in this study, both of the hydrogeochemical tools and the nitrogen isotope 
technique were used to give an overall understanding on the sources and fate of NO3
-
 
in the surface water and groundwater in the Sanjiang Plain. The aim of this study is to 
(1) show the characteristics of spatial distribution of NO3
-
 in the major rivers and 
aquifers of the Sanjiang Plain; (2) analyze the redox environment and denitrification 
potentials for both the surface water and groundwater; (3) identify and distinguish the 
sources of NO3
-
 in different water bodies by nitrogen isotope technique; and (4) reveal 
the transportation and migration of NO3
-
 in the major rivers and aquifers of the 
Sanjiang Plain; (5) provide an approach to identify the relation between the changing 
land use and groundwater nitrate concentration by considering groundwater residence 
time. 
5.2 Study site 
5.2.1 General descriptions 
The Sanjiang Plain is the alluvial plain within the Songhua River basin, which is 
located in northeastern part of Heilongjiang Province, China (Fig.5- 1). The Xiao 
Xinganling Mountain with a maximum elevation of about 1429m above sea level and 
Wandashan Mountain with a maximum elevation of about 831m are found along the 
west side and southwest side of the study area respectively. The north, east and 
southeast boundaries of the study area are the Heilong River, the Wusuli River and the 
Xinkai Lake respectively. The Songhua River and Naoli River flow from southeast to 
northwest through the center of the plain. The Sanjiang Plain has a generally flat 
topography declining from the southwest to the northeast with a slope gradient of 
about 1:5000–1:10000. 
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Fig.5- 1 Study area and sampling location 
5.2.2 Hydrology and hydrogeology 
The Sanjiang Plain is located in temperate continental monsoon zone with annual 
mean temperature of 1.9
o
C, the mean temperature in July and January is 22
 o
C and -21
 
o
C respectively (Sun and Song, 2008). The annual precipitation of the Sanjiang Plain 
is 500-650 mm and the month average precipitation was shown in Fig.5- 2. It was 
found that about 75% occurs from June to September. The Heilong River is an 
international river along the boundary between Russia and China with mean annual 
runoff of 346.5 billion m
3
 (10.99×10
3
 m
3
/s). The Songhua River is the largest 
tributary of the Heilong River in the south with mean annual runoff of 72.7 billon m
3
 
(2.31×10
3
 m
3
/s). The Wusuli River is another international river with the headwater 
from the Xingkai Lake, which is the north border of the study area. The mean annual 
runoff of Wusuli River is about 61.9 billion m
3
 (1.96×10
3
 m
3
/s). The Naoli River and 
the Muling River are two major tributaries of the Wusuli River with mean annual 
runoff of 1.98 billion m
3
 (63 m
3
/s) and 2.35 billion m
3
 (75 m
3
/s) respectively. 
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Fig.5- 2 Month average precipitation in the Sanjiang Plain 
The aquifers of the Sanjiang Plain mainly consist of Quaternary alluvial deposits, 
principally sandy gravels, medium and fine sands, sandy clays and silts. The alluvial 
deposits are underlain and surrounded by structurally disturbed base rocks of pre 
Quaternary and older epochs. Quaternary aquifer thickness varies from 120 m to 300 
m (Fig.5- 3a). The characteristics of the deposits are summarized as follows: the 
thickness of sediments around Suibin in the west part of the study area is higher than 
200 m and the size of deposits is coarser than other parts of the study area. The 
aquifer around Tongjiang and Fujin is mainly medium sands with a relative smaller 
thickness. The thickness of the Quaternary deposits decreases toward to the southern 
part of the Sanjiang Plain (Yang et al., 2008). 
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Fig.5- 3 Map of the study area of the Sanjiang Plain. Fig.2a, b, c showed the 
contour map of aquifer thickness, the spatial distribution of the porosity and the 
precipitation recharge coefficient, respectively. Fig.2a, b, c were modified from 
Song et al. (2008). Fig.2d gave the land use map of the Sanjiang Plain in 2000. 
5.3 Materials, methods and theories 
5.3.1 Field procedures 
The spatial distribution of NO3
-
 in the Sanjiang Plain was investigated based on 
55 water samples, which were collected in September 2007 and September 2009. The 
samples included 21 surface water samples from rivers, wetland and lake and 34 
groundwater samples. The surface water samples covered almost all the rivers and the 
major tributaries in the Sanjiang Plain (Fig.5- 1). The groundwater samples were 
mainly collected from domestic or irrigation wells. 17 groundwater samples collected 
from the wells near the river sampling sites, while another 17 groundwater samples 
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were from the central part of the Sanjiang Plain. Well information such as well depth, 
location and operating interval were recorded by GPS and questionnaire surveys. 
5.3.2 Analytical procedure 
PH, temperature (T), electrical conductivity (EC), redox potential (Eh) and 
dissolved oxygen (DO) of the samples were measured by portable equipments (Horiba, 
Japan) and HCO3
-
 was determined by acid neutralizing titration on site. The samples 
were immediately filtered through a 0.45μm filter and filled in two preclean 100 ml 
bottles at each site, one for major ions and another for trace metals analysis that was 
acidified to pH<2 by adding pure sulfuric acid. All the samples were brought back to 
the laboratory and stored at 4
 o
C temperature before laboratory analysis. The NO3
-
 and 
other ions were analyzed by Ion Chromatography (SHIMADZU LC-10AD) with the 
limit of detection (LOD) of 0.01mg/L. The total dissolved Fe and Mn were analyzed 
by ICP-OES. 
The sampling and analytical procedures of δ15N-NO3 were conducted with the 
method put forward by Silva et al. (2000). Briefly, water samples were pre-filtered 
with filters (0.45 microns), then NO3
-
 was collected by passing the water through 
pre-filled, disposable, anion exchanging resin column in the field. The columns are 
subsequently transported to the laboratory where the NO3
-
 is eluted from the anion 
exchange columns with 3M HCl. The nitrate-bearing acid eluant is neutralized with 
Ag2O, filtered to remove the AgCl precipitate, then freeze dried to obtain solid 
AgNO3, which is then combusted to N2 in sealed quartz tubes for analysis by Integra 
CN mass spectrometer made by Pdz Europa LTD at Chiba University, Japan. All the 
samples were measured twice and the result showed the difference between the two 
measurements less than ±5%. Then the mean of two measurements was treated as the 
value of δ15N-NO3 used in this study. 
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Groundwater samples for CFCs analysis were collected in dark brown glass 
bottles sealed by caps with metal liners (Plummer et al., 2006). CFCs were analyzed 
by closed system purge and trap gas chromatography with electron capture detector 
(GC-ECD) at Chiba University, Japan. 
5.3.3 Theories 
The approach to identify the relation between the changing land use and 
groundwater nitrate concentrations consists of three parts: estimation of groundwater 
ages by CFCs and Vogel age model, reconstruction of the land use type at 
groundwater recharge time and identification of relation between changing land use 
and nitrate concentrations. Major theories and methods used in the approach are 
introduced briefly in the following sections. 
(1) Groundwater residence time estimation 
Groundwater residence time represent the time spent by a water molecule in the 
aquifer. This time starts from its entry into aquifer and ends with its exit by naturally 
discharge or pumping. In this study, CFC-12 was selected as the trace to trace 
groundwater flow and estimate groundwater age. In addition, the Vogel age model 
(Vogel, 1967) was selected to obtain an understanding of the vertical distribution of 
the residence time in the aquifer. Considering an unconfined aquifer in which 
recharges (R) is spatially uniform, the aquifer has a constant thickness (L), and the 
porosity (θ) is spatially uniform, the groundwater residence time estimated by Vogel 
ages (tvogel) is expressed by equation (1): 
 
vogel
L L
t ln( )
R L z



 (1) 
The groundwater recharge time (Tre) is calculated by 
 Tre=Tsamp-tvogel (2) 
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Where Tsamp is the sampling time, z is the sampling depth and R is the groundwater 
recharge which is calculated by equation 2: 
 R=αP (3) 
where P is the multi-year average precipitation; α is the recharge coefficient obtained 
from Fig.5- 3c. In this study, the mean annual precipitation (P) is 515 mm based on 
the precipitation data of two meteorological stations Fujin and Baoqing in the study 
area (Fig.5- 1). The spatial distribution of the hydrogeological properties such as L, θ 
and α of the aquifer are showed in Fig.5- 3a, b and c. The depth of wells was 
considered as an approximation of the groundwater sampling depth z. All the values 
used are shown in Table 5- 1. 
(2) Reconstruction of the land use at recharge time 
The influence zone of wells must be first determined to relate the groundwater 
nitrate to land use. In this study detailed hydrogeological model was not possible for 
all sampling wells to estimate the well influence zones, so the experiential methods 
have been selected to determine the size of influential zone for the wells. Considering 
the resolution of the land use map for the Sanjiang Plain, 1.5 km was selected as the 
radius of the influence zone of the wells. Major land uses were summarized into 8 
types: dry land, paddy, forest, wetland, grass, water body, resident and industry and 
unused land. The land use maps of the year of 1954, 1986, 1995 and 2000 were used 
in this study to estimate the land use types at the recharge time following the rules 
below: 
(1) The area of the land use at the recharge time before 1954 or after 2000 is 
assumed to be equal to the land use in 1954 or 2000 respectively; 
(2) The area of land use Si,j(Tre) at the recharge time Tre between 1954 and 2000 
is determined by the linear interpolation as shown in equation (4). 
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 (4) 
where Si,j(T) is the area of the ith (i=1,2,…,8) land use type for sampling point j 
(j=1,2,…,32) at time T; Tstart and Tend give the two endpoints of each period 
(1954-1986, 1986-1995 and 1995-2000). Then by equation (4), the Si,j(Tre) is 
transformed into the normalized ratio Rai,j(Tre) which represents the ratio of the area 
of the ith (i=1,2,…,8) land use type for sampling point j (j=1,2,…,32) at time Tre to 
the total area of the influence zone. 
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S (T )
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

 (4) 
(3) Stepwise and principal components regression 
Stepwise and principal components (PCs) regressions were applied to identify 
the relation between the land use and groundwater nitrate concentrations. These 
methods have been recognized as useful tools to deal with collinearity problems 
caused by the correlation between predictive variables. The selection criterion of 
variables for the stepwise regression is set as that the variable enters the model if the 
probability of F-test is lower than 0.05, while leaves the model if the probability of 
F-test is higher than 0.10. For PCs regression, the PCs were extracted by factor 
analysis without factors rotation. The details on the approaches of the stepwise 
regression, the PCs regression and the factor analysis refer to the work of Rawlings et 
al. (1998) and Hardle and Simar (2007), and all the analysis were performed by 
PASW Statistics 18.0. 
5.4 Results 
5.4.1 Nitrate, Chloride and δ15N-NO3 
Table 1 showed the concentrations of NO3
-
 and Cl
-
, the values of δ15N-NO3 and 
the selected water quality parameters for surface water and groundwater in the 
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Sanjiang Plain. Low NO3
-
 concentrations ranging from zero to 8.48 mg/L (mean 2.80 
mg/L and median 2.38 mg/L) of the surface water and relative high NO3 
concentrations ranging from zero and 153.29 mg/L (mean 14.69 mg/L and median 
3.11 mg/L) of the groundwater were observed in the Sanjiang Plain. The large 
disparity between the mean and median of NO3
-
 for groundwater indicated that the 
frequency distribution of NO3
-
 concentration had a great skewness due to local nitrate 
contamination. The Cl
-
 concentrations for the surface water ranged from 0.18 mg/L to 
14.16 mg/L, while the Cl
-
 concentrations for the groundwater ranged from 0.25 mg/L 
to 132.08 mg/L. 
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Table 5- 1 NO3
-
 concentration (measured in NO3
-
), δ15N-NO3 and other parameters of samples in surface water and groundwater of the 
Sanjiang Plain. The samples labeled with capital letter “S” and “G” represent surface water and groundwater, respectively. 
Location ID Date 
EC T DO pH ORP Cl
-
 NO3
-
 Cl
-
/NO3
-
 NO3
-
-δ
15
N Well depth 
μs/cm 
o
C mg/L  mV mg/L mg/L  ‰ m 
Songhua 
River 
S01 09/2009 180 17.5 6.30 7.83 358 6.8 6.15 0.90   
S02 09/2009 155 18.4 5.79 7.85 338 5.85 5.39 0.92 -3.69  
S03 09/2009 156 18.0 5.55 8.22 305 5.44 4.44 0.82 -0.46  
S04 09/2009 140 16.4 5.81 8.08 290 5.16 4.89 0.95 3.02  
G01 09/2009 468 8.5 3.04 7.12 126 42.66 33.16 0.78 26.76 20 
G02 09/2009 236 8.2 2.58 7.21 28 1.44 0.93 0.65  120 
G03 09/2009 1042 8.5 0.63 7.55 240 132.08 54.17 0.41 55.76 26 
G04 09/2009 387 6.8 6.93 7.75 46 1.16 3.19 2.75  80 
G05 09/2007 613 8.5 4.45 6.96 325 1.39 3.94 2.83  9 
G06 09/2009 242 8.1 2.13 7.98 373 11.56 6.04 0.52 22.42 8 
G08 09/2009 371 6.6 1.25 8.45 251 54.09 0.51 0.01 7.32 80 
G09 09/2009 536 10.4 7.28 7.88 256 21.96 0.00 0.00  30 
Heilong 
River 
S05 09/2009 64 14.7 6.20 7.73 362 0.64 0.52 0.81 1.24  
S06 09/2009 87 15.2 6.18 7.93 385 1.47 0.88 0.60 6.07  
S07 09/2009 120 17.4 6.53 8.14 327 3.69 3.89 1.05 -3.41  
S08 09/2009 112 16.0 6.91 8.00 356 3.62 2.94 0.81   
G07 09/2009 222 6.5 0.56 7.83 176 3.73 9.16 2.46 24.16 30 
G16 09/2007 231 11.6 1.27 7.14 86 1.59 0.30 0.19  33 
G20 09/2009 273 6.3 1.15 7.24 109 1.02 4.41 4.32 5.28 60 
G21 09/2007 907 7.9 4.43 6.3 309 0.45 3.02 6.71  27 
G22 09/2009 348 7.3 0.64 7.15 47 14.66 4.98 0.34  40 
G30 09/2009 454 8.5 5.8 7.4 323 24.22 67.35 2.78 13.71 23 
Wusuli 
River 
S12 09/2009 161 18.4 6.85 8.40 296 3.88 1.42 0.37 0.06  
S13 09/2009 80 18.2 6.39 8.40 369 2.78 2.38 0.86 7.43  
S14 09/2009 103 15.5 5.82 7.70 343 3.43 2.13 0.62 8.63  
G31 09/2009 155 9.8 3.26 7.62 348 1.11 5.85 5.27  90 
G32 09/2009 310 7.5 0.27 7.87 -4 0.25 8.98 35.92 10.84 19 
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Continue to Table 5- 1 
Wusuli 
River 
G34 09/2009 260 9.4 0.72 7.26 48 6.83 7.17 1.05  100 
Naoli 
River 
S15 09/2009 193 13.9 5.59 8.60 305 3.06 1.51 0.49 13.41  
S16 09/2009 301 15.8 9.65 8.47 267 0.18 1.29 7.17   
S17 09/2009 141 18.1 4.02 7.81 230 4.37 0.45 0.10 8.69  
G10 09/2007 447 15.3 3.18 7.38 273 1.49 73.44 49.29  10 
G11 09/2007 492 15.4 4.34 6.92 311 22.29 153.29 6.88  10 
G12 09/2007 258 9 1.4 7.24 98 5.9 2.67 0.45  40 
G13 09/2007 298 9.3 3.26 6.94 287 5.92 0.00 0.00  100 
G14 09/2007 151.5 16.8 3.1 7.49 290 2.07 0.93 0.45   
G15 09/2007 494 14 2.5 7.24 83 12.17 0.24 0.02  34 
G17 09/2007 772 9.3 1.18 6.84 51 54.66 0.00 0.00  20 
G18 09/2007 412 7.9 1.47 7.06 63 7.99 2.33 0.29   
G19 09/2007 255 7.9 3.12 6.89 149 7.72 1.46 0.19  50 
G23 09/2007 494 11.3 3.36 7.64 288 2.9 0.16 0.06  50 
G24 09/2007 940 13 3.49 7.21 294 111.97 12.77 0.11  6 
G25 09/2009 201 7.9 5.16 7.85 149 1.62 0.44 0.27  30 
G26 09/2009 315 9.7 2.7 7.9 54 13.98 1.91 0.14 6.48  
G27 09/2007 205 10.1 2.11 7.38 106 2.96 0.10 0.03  5 
G28 09/2009 466 7.3 1.85 7.8 282 1.1 1.12 1.02 6.67 20 
G33 09/2009 323 9.5 5.4 8.08 100 2.74 8.67 3.16  90 
Muling 
River 
S09 09/2009 366 15.3 6.50 8.13 276 14.11 8.48 0.60 2.30  
G29 09/2009 328 12.2 3.46 8.15 240 11.21 26.85 2.40 12.18 3 
Xingkai 
Lake 
S10 09/2009 257 17.8 6.47 8.70 331 14.16 3.25 0.23 7.49  
S11 09/2009 213 19.1 6.04 8.68 256 10.58 1.09 0.10 8.61  
Wetland 
Water 
S18 09/2009 30 13.8 4.77 7.31 303 0.63 0.03 0.05   
S19 09/2009 58 18.1 0.00 7.44 250 2.12 0.74 0.35   
Highland 
Water 
S20 09/2009 84 13.5 7.63 8.47 382 2.19 3.36 1.53   
S21 09/2009 88 15.7 1.54 8.36 321 2.4 3.48 1.45   
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Fig.5- 4 Boxplot for NO3
-
 and Cl
-
 concentration in the surface water (SW) and 
the groundwater (GW) in the Sanjiang Plain. The edges of the box represent the 
75th and 25th percentiles respectively. The short line in the box represents the 
median. The branch gives the range of the data except for the outliers 
The boxplot (Fig.5- 4) presented the spatial distribution of NO3
-
 and Cl
-
 
concentrations in the surface water and the groundwater in the Sanjiang Plain. For the 
surface water, the highest concentration of NO3
-
 was 8.48 mg/L in the Muling River 
with the corresponding δ15N-NO3 value of 2.3‰. The Cl
-
 concentration of the Muling 
River was also high with a value of 14.11 mg/L. The Songhua River had the second 
highest NO3
-
 concentration of 5.22 mg/L and the δ15N-NO3 for the Songhua River 
ranged from -3.64‰ to 3.02‰. The mean of Cl- concentration of the Songhua River 
was 5.81 mg/L which was the second highest among the rivers in the Sanjiang Plain. 
The NO3
-
 and Cl
-
 concentrations showed a significant decline when the Songhua 
River flow into the Heilong River. The NO3
-
 and Cl
-
 concentrations after the 
confluence of the two rivers dropped to 0.88 mg/L and 1.47 mg/L (S06) respetively. 
And the corresponding δ15N-NO3 also changed from +1.24‰ (S05) to +6.07‰ (S06). 
The NO3
-
 and Cl
-
 concentrations of the Wusuli River showed a relative stable 
behavior with a low mean and the lowest variation among the rivers in the Sanjiang 
Plain, although the NO3
-
 concentrations were high in its source water Xingkai Lake 
and its tributary the Muling River. The δ15N-NO3 values in Wusuli, Naoli and Muling 
Rivers ranged from 0.06‰ to 13.41‰, which were heavier than that in other rivers. 
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The Naoli River is recharged by the wetland water when it flows through the central 
part of the Sanjiang Plain, and as a result, it had similar range of NO3
-
 concentration 
with wetland water. 
40% of the groundwater samples had the NO3
-
 concentrations larger than 4.43 
mg/L (about 1mg/L NO3-N) and among which 11.4% exceeded the WTO standards. 
The extremely polluted samples such as G03, G10, G11 and G30 scattered (Fig.5- 1 
and Table 5- 1) indicated that the local pollution was severe in the Sanjiang Plain. In 
addition, it was found that the concentrations of NO3
-
 and Cl
-
 of the groundwater were 
higher comparing with the surface water (Fig.5- 4). In the Songhua River subbasin, 
both NO3
-
 and Cl
-
 showed wide ranges. The Heilong River subbasin showed the 
second highest concentration of NO3
-
 and Cl
-
, while for Naoli River subbasin, it had 
the relative high Cl
-
 and low NO3
-
. All the samples had high δ15N-NO3 ranging from 
5.28 ‰ to 55.76‰. The vertical distributions of NO3
-
 and Cl
-
 were showed in Fig.5- 5. 
It was obviously that the elevated NO3
-
 and Cl
-
 mainly occurred in the shallow 
groundwater with the well depths lower than 30m. 
 
Fig.5- 5 Variations of NO3- and Cl- concentrations with the well depths 
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5.4.2 Groundwater ages 
The CFC-12 was analyzed for 11 shallow groundwater samples to estimate the 
shallow groundwater ages and trace the NO3
-
 pollution trend in the aquifer. The 
concentrations of CFC-12 and the corresponding groundwater apparent ages were 
showed in Table 5- 2. It was found that the shallow groundwater ages in the Sanjiang 
Plain ranged from 40 to 60 years. Only one sample (G32) had the groundwater age 
larger than 60 year. When CFCs is used as the age-dating trace to estimate 
groundwater ages, the microbial degradation of CFCs under reduction conditions can 
modify the CFCs concentrations (Horneman et al., 2008) and make an overestimation 
of the apparent ages. Although field and laboratory studies have found that CFC-12 is 
more stable than other CFCs such as CFC-11, it can also suffer from microbial 
degradations (Horneman et al., 2008; Khalil and Rasmussen, 1989; Semprini et al., 
1992). So the corresponding Eh were also listed in Table 3 and the overestimation of 
the groundwater ages would be further discussed in the following sections. 
Table 5- 2 Analytical results of CFC-12, apparent ages and Eh 
ID 
Concentration of CFC-12 Apparent age Eh 
pmol/kg year mV 
G01 0.237 51 126 
G03 1.247 39 240 
G06 1.165 39 373 
G07 0.562 45 176 
G08 0.300 50 251 
G20 0.129 56 109 
G25 0.655 44 149 
G28 0.076 59 282 
G29 0.735 43 240 
G30 0.738 43 323 
G32 0.037 62 -4 
5.4.3 Land use at sampling time and recharge time 
The areas of different land use types in the influence zone for each well were 
summarized by Arcgis 9.3 (ESRI
TM
). Comparing to the land use in the influence 
zones at the sampling time, the land use at the recharge time changed dramatically 
(Table 5- 3). At the sampling time Tsamp, dominated land use type in the influence 
zones was dry land (DRY) with an average ratio of 52.52%, while at the recharge time 
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Tre the dominated land use types were forest (FOR, 29.75%) and wetland (WET, 
28.30%). In addition, along with the agricultural development, population increased 
from 1.40 million in 1949 to 8.73 million in 2005 (Song et al., 2008). Consequently 
the resident and industry land (RES) especially the rural area also have greatly 
increased. 
Table 5- 3 Statistical summary of the land use at the sampling time and 
recharge time 
%  
Paddy 
 
Dry 
land 
Forest Grass 
Water 
area 
Resident and 
industry 
Unused Wetland 
Ra(Tsam) 
mean 10.46 52.52 7.08 6.10 5.07 4.94 0.00 13.83 
S. D 12.20 24.47 10.94 10.46 18.24 4.34 0.00 24.56 
Ra(Tre) 
mean 3.85 22.97 29.75 9.24 2.92 2.15 1.54 28.30 
S. D 8.06 19.75 14.67 5.82 3.12 3.66 1.14 17.55 
5.5 Discussion 
5.5.1 Redox environment and denitrification potentials 
Since NO3
-
 does not form insoluble minerals that could precipitate, nor is 
adsorbed significantly, the only way for NO3
-
 removal from water environment is by 
reduction which involving various redox processes (Appelo and Postma, 2005). The 
reduction of NO3
-
 by organic matter (Trudell et al., 1986), by pyrite oxidation (Visser 
et al., 2009) and by ferrous iron (Appelo and Postma, 2005) has been widely reported 
in the literature. The redox reaction sequence under the ample supply of organic 
matter is arranged as the depletion of dissolved oxygen (DO), reduction of NO3
-
, 
emergence of manganese (Mn) and iron (Fe) with lower valence and finally 
generating methane. 
The redox potential (Eh) measures the availability of electrons for transfer 
between chemical species and is one of the most important measures used to 
characterize reduction stage in the surface water and the groundwater systems. It is 
pointed out that once a relation between the Eh and the concentrations of redox 
species particular to an aquifer has been established, field Eh measurements can be 
used as indications for specific geochemical redox reactions (Thayalakumaran et al., 
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2008). Fig.5- 6 showed the relation between Eh and concentrations of the main redox 
species (DO, NO3
-
, Mn and Fe) in the surface water and the groundwater in the 
Sanjiang Plain. The Eh in the surface water ranged from 230 mV to 385 mV. Except 
for two wetland samples with low DO values of 0 and 1.54 mg/L, DO in the surface 
water ranged from 4.02 mg/L to 9.65 mg/L with an average of 6.26 mg/L (Fig.5- 6a), 
which indicated that surface water was in the oxic condition. In addition, the 
concentrations of the total dissolved Mn and Fe were low (Fig.5- 6c and Fig.5- 6d) in 
the rivers with mean of 0.30mg/L and 2.40 mg/L respectively. As a result, 
denitrification hardly occurred in the surface water due to oxic environment. The main 
processes affecting the NO3
-
 in the surface water were believed as mixing or dilution. 
 
Fig.5- 6 Relationship between Eh and the redox species (DO, NO3
-
, Mn and Fe) 
in water environment of the Sanjiang Plain 
The groundwater had a wide Eh range from -4 mv to 374 mV in the study area. 
The mean of DO was 2.87 mg/L for the groundwater explaining most of aquifers in 
the Sanjiang Plain were under anaerobic condition (Fig.5- 6a). The NO3
-
 
concentrations in the groundwater were high when Eh was above 125 mV, and 
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decreased when Eh was lower than 100 mV (Fig.5- 6b). Appearance of Mn just below 
100 mV and 40 mV (Fig.5- 6c) agreed with the reported redox sequence where 
manganese oxide reduction occurs after denitrification (Puckett and Cowdery, 2002). 
As Eh was below 40mV, the reduction of high valence iron into ferrous iron resulted 
in the elevated concentration of Fe in groundwater (Fig.5- 6d). In general, the range of 
Eh for the series of redox reactions in the Sanjiang Plain was similar to the literature 
(Riley et al., 1975). 
In addition to the redox conditions, the fate of NO3
-
 in water environment is also 
strongly influenced by pH. The pH-pe diagram was used to evaluate the 
comprehensive effect of Eh and pH on the processes of nitrification or denitrification 
occurred in the Sanjiang Plain (Fig.5- 7). The pe is calculated from the measured 
values of Eh as the equation 1: 
 
Eh F
pe
2.303RT

  (1) 
where F is the Faraday‟s constant (96.42 kJ/Volt gram equivalent), R is the gas 
constant (8.314×10-3kJ/mol·deg), T is the absolute temperature in Kelvin and Eh is 
presented in Volt. The pH-pe diagram showed the possible stable reactant of the 
dissolved nitrogen in the surface water and the groundwater by plotting the samples 
by pH and pe. Nitrogen is found in water environment with valences ranging +5 in 
NO3
-
, to -3 in NH4
+
 including middle reactants of N2 (0) and NO2
-
 (+3). 
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Fig.5- 7 PH-pe diagram for the nitrogen in the Sanjiang Plain. The shallow 
groundwater was defined as the group with the mean depth smaller than 30m, 
while the deep groundwater was defined as the group with the mean depth larger 
than 50m 
The field parameter pH and pe of the water samples divided the whole region 
into three parts (Fig.5- 7), the surface water (the dot line circle), the shallow 
groundwater (the dash line circle) and the deep groundwater (the dash-dot line circle). 
The surface water samples were distributed in the right-upper corner of the diagram 
implying the oxic region in which the stable form of nitrogen is NO3
-
 (+5). The 
samples came from the highland and the Xingkai Lake located on the top right-upper 
corner and showed the similar redox condition with the local precipitation which 
would be saturated with oxygen. Then, the DO was consumed by organic matters 
introduced from the soils or by human activities when the water flowed into the rivers, 
and the redox condition began to change. So the samples from the rivers (the Heilong 
River, Songhua River and Wusuli River) located below the area where the highland 
water located. The samples from the Naoli River and the wetland in the center of the 
Sanjiang Plain intruded into the shallow groundwater groups which showed frequent 
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interchanges between the Naoli River and the local groundwater. However, oxic 
condition was of benefit to the oxidation of amines in organic matters to NO3
-
 in the 
surface water. 
The shallow groundwater samples were plotted just below the surface water. It 
was indicated that when the water recharged into the aquifer, DO was consumed 
without supply due to isolation with the air. The redox condition began to change 
from the oxic zone into the anoxic zone where denitrification acted as the main 
process influencing the dissolved nitrogen species (Fig.5- 7). No significant difference 
for the redox condition in shallow groundwater among different subbasins was 
observed in the Sanjiang Plain. 
Different from the surface water and shallow groundwater, the deep groundwater 
samples were found in the lowest part of pH-pe diagram where the stable form of 
nitrogen was N2. It meant that the deep groundwater was under anoxic condition and 
the denitrification potentials were strong. In addition, the denitrification potentials 
showed an intensive trend along the groundwater flow path from the hills in the 
southeast to the center of the plain. And that is to say, the NO3
-
 would be consumed 
on its way in the groundwater until it discharged to the rivers. 
Because of the elevated Fe concentration in the groundwater, it was suggested 
that the possible denitrification process may be caused by the oxidation of Fe 
(II)-silicates in the Sanjiang Plain. The negative correlation between the NO3
-
 and Fe 
also prove this point (Fig.5- 8), and the corresponding chemical reaction was showed 
by equation 2. 
 
2
3 2 210Fe 2NO 14H O 10FeOOH N 18H
        (2) 
However, the NO3
-
 reduced by Fe (II)-silicates is so slow that very long residence 
times are required for this process to be significant (Postma, 1990). So it was 
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concluded that the spatial and temporal variability of NO3
-
 leaching controlled the 
concentration of the solutes in the groundwater of the Sanjiang Plain and the 
denitrification processes contributed little to the NO3
-
 variation. 
 
Fig.5- 8 The relation between the Fe and the NO3
-
 
5.5.2 Nitrate sources 
The δ15N-NO3 can be useful in identifying the NO3
-
 sources in respect that the 
NO3
-
 originating from different sources shows characteristic δ15N values. The ranges 
of characteristic δ15N-NO3 values for various N sources and sinks were summarized 
by the box plots of δ15N-NO3 data by Xue et al. (Xue et al., 2009). The typical 
δ15N-NO3 ranges were -6‰ to +6‰ for chemical fertilizer, +4‰ to +25‰ for manure 
and sewage and 0‰ to +8‰ for soil nitrogen. The NO3
-
, Cl
-
 and NO3
-
/Cl
-
 ratio were 
also used to assist the nitrate sources identification. 
The relation between the δ15N-NO3 and the NO3
-
 concentration were illustrated 
in Fig.8. A wide range of δ15N-NO3 (-5.74‰ to +55.76‰) was observed in the study 
area. The surface water showed low NO3
-
 concentrations and a wide δ15N-NO3 range, 
while the groundwater had high NO3
-
 concentrations and a narrow δ15N-NO3 range 
except one sample (G03) with the extreme high δ15N-NO3 value. 
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Fig.5- 9 The relation between the NO3
-
 and the δ15N-NO3. The dot line box, dash 
line and dash-dot line box shows the typical δ15N-NO3 ranges for manure and 
sewage, soil N and fertilizer, respectively. 
Along the Heilong River, the δ15N-NO3 and concentrations of NO3
-
 and Cl
-
 
changed slightly and indicated NO3
-
 came from different sources entered into the river. 
The NO3
-
 and Cl
-
 concentrations of S05 and S06 in the Heilong River were low and 
the corresponding δ15N-NO3 were +1.24‰ and +6.07‰ which located within the soil 
N zone. When getting into the downstream, both of the NO3
-
 and Cl
-
 concentrations at 
S07 became increased and the minus value of δ15N-NO3 (-3.41‰) showed a chemical 
fertilizer origin of NO3
-
. The leaching of N-bearing fertilizer to the rivers could cause 
an increase of N but without significant increase of Cl
-
 and resulted in the NO3
-
/Cl
-
 
ratio became higher. So the NO3
-
/Cl
-
 ratio of S07 was also changed into 1.05 from less 
than 1 at S05 and S06. In the Songhua River, the δ15N-NO3 values ranged from -3.69‰ 
to 3.02‰ and fell in the chemical fertilizer zone, and the NO3
-
 and Cl
-
 concentrations 
and the NO3
-
/Cl
-
 ratio were high and showed no significant variation along the river. It 
implied that the major source of NO3
-
 was chemical fertilizer along the Songhua River. 
In the Wusuli River, the δ15N-NO3 were around +8‰ at S13 and S14 and +0.06‰ at 
S12 and located within the soil N zone. The low NO3
-
 and Cl
-
 concentrations also 
proved this point, because the NO3
-
 and Cl
-
 concentrations were too low to be the 
result which suffered from anthropogenic pollutions. The similar sources were found 
at the Xingkai Lake, the headwater of Wusuli River, with the δ15N-NO3 values around 
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+8‰. However, as the tributaries of the Wusuli River, the Naoli and Muling River 
showed a significant difference in the δ15N-NO3 values. The former suggested a mix 
of Soil N and manure origin with the δ15N-NO3 of +13.41‰ and the latter had a 
chemical fertilizer source with the δ15N-NO3 of +2.30‰. 
The NO3
-
 sources of the groundwater were simpler than the surface water in the 
Sanjaing Plain. The δ15N-NO3 of the shallow groundwater samples ranged from +5.28‰ 
to +55.76‰ (Table 5- 1), and all of them were plotted in the manure and sewage zone 
or the overlap for manure and sewage and soil N zones (Fig.5- 9). As described above, 
the redox condition in the shallow groundwater had transformed from oxic zone to 
anoxic zone showing the possibility of denitrification due to the low Eh values. 
However, the denitrification processes contributed little to the NO3
-
 variation. So it 
was reasonable to conclude that the denitrification process also contributed little to the 
δ15N-NO3 variation in the shallow groundwater system and the elevated NO3
-
 mainly 
had a manure origin especially in the rural area. While for the samples with low NO3
-
 
concentrations, it was suggested that the NO3
-
 came from the soil N. Although there 
were no δ15N-NO3 data for the deep groundwater in the Sanjiang Plain, it was 
reasonable to consider the NO3
-
 in deep groundwater had a soil N origin because of 
the long residence time and the very low NO3
-
 concentrations of the deep 
groundwater. 
5.5.3 Transportation and migration of nitrate 
(1) Dilution and mix effects to nitrate in rivers 
Comparatively, the changes of NO3
-
 concentration in the surface water are 
associated with the processes such as dilution, mix and chemical reactions. The Cl
-
 is 
a conservative ion and useful to trace the water cycling in the hydrosphere. Therefore, 
the environmental behavior of NO3
-
 along rivers was evaluated by using Cl
-
 as a 
standard reference to estimate the dilution and mix of different waters in this study. 
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Based on the mass balance of Cl
-
, the nitrate concentration at sampling site i was 
calculated by the equation 3: 
 3i 3initial i initialCalculated NO NO (Cl / Cl )   (3) 
where NO3
-
initial and Cl
-
initial were concentrations of nitrate and chloride respectively at 
the starting point for sampling along the river; Cl
-
i was chloride concentration at 
sampling site i. 
In fact, there are several factors such as new sources, dilution, mixing, 
biochemical reactions, etc. that control the NO3
-
 concentration in the river. Therefore 
(1) if the variation of measured NO3
-
 was similar with calculated NO3
-
, it implied that 
the dilution and mix effect were the controlling factors to the NO3
-
 change along the 
rivers; (2) if the measured NO3
-
 smaller than the calculated NO3
-
, it implied that 
except for dilution and mix, other processes such as biochemical reactions influence 
the change of NO3
-
; (3) if the measured NO3
-
 larger than the calculated NO3
-
, it 
implied that there is an excess of NO3
-
 enter into the river in comparison with Cl
-
. 
 
Fig.5- 10 Comparison of calculated NO3
-
 and measured NO3
-
 concentrations 
along the Songhua-Heilong River and the Wusuli River 
The behaviors of NO3
-
 along two major rivers, the Songhua-Heilong River and 
the Wusuli River, were shown in Fig.5- 10. It was clear that the behavior of NO3
-
 had 
different patterns along the two rivers. The agreement of measured NO3
-
 and 
calculated NO3
-
 suggested that the dilution and mix effect was dominating in the 
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Songhua-Heilong River and other processes such as denitrification occurred in 
channels contributed little to the concentration change of NO3
-
. A sudden decline of 
NO3
-
 concentration was observed in the reach between S04 and S06 (Fig.5- 10a) 
where the Songhua River joined to the Heilong River due to the mixing with the low 
NO3
-
 concentration water came from the upper stream of Heilong River (S05). 
However, the increase of NO3
-
 in the reach between S06 and S07 implied that there 
was nitrate came from the use of chemical fertilizer as mentioned in the part of nitrate 
sources identification. Along the Wusuli River the measured NO3
-
 was larger than the 
calculated NO3
-
 and it implied that there was an excess of NO3
-
 enter into the river in 
comparison with the Cl
-
 (Fig.5- 10b). It was also agreed with the result of NO3
-
 
sources identification by δ15N-NO3, because the nitrification of soil N could increase 
the concentration of NO3
-
 without introducing the Cl
-
. 
(2) Transportation and migration of nitrate in groundwater 
As mentioned, the elevated NO3
-
 in the shallow groundwater had an 
anthropogenic origin came from manure. So it was necessary to identify the effect of 
anthropogenic activities to the NO3
-
 pollution for the groundwater in the Sanjiang 
Plain. Information on timing of elevated nitrate concentrations influenced by 
anthropogenic activities can be obtained using groundwater ages (Hinkle et al., 2007; 
Kaown et al., 2009; Katz et al., 2001). It allowed us to determine whether 
groundwater containing elevated concentrations of NO3
-
 was of recent origin related 
to anthropogenic activities, or if the groundwater predated anthropogenic influences 
implicating natural sources of NO3
-
 (Koh et al., 2010). In this study, the CFC-12 was 
used to determine the shallow groundwater ages. 
As a technique to determine the apparent age of young groundwater, CFCs 
cannot be used to identify the groundwater with recharge times before 1940s. In this 
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study, the lumped parameter (LP) trace models were adopted to give an estimate of 
the groundwater ages for the samples whose apparent ages were hardly determined by 
CFC-12. Considering a simple unconfined aquifer with a constant thickness (L), in 
which both the porosity (θ) and recharge (R) are spatially uniform, one of these 
models developed by Vogel (1967) was shown in equation 4: 
 L L
t ln( )
R L z



 (4) 
Where, t represents the residence time and z is the sampling depth of the groundwater 
sample. Here the depth of well was used to represent the sampling depth z. Recharge 
R was calculated as the product of multi-year average precipitation and recharge 
coefficient α as shown in equation 5: 
 R P   (5) 
The values for L, θ and α of the aquifer used in the calculation were obtained from the 
work of Yang et al. (Yang et al., 2008). In their work, the spatial distribution of the 
aquifer thickness, the porosity and the recharge coefficient were presented by figures. 
The depth of wells was considered as an approximation of the groundwater sampling 
depth z. 
The calculated groundwater ages matched the apparent ages of CFC-12 fairly 
well except for the sample of G32 which showed an older apparent CFC-12 age than 
the calculated age (Fig.5- 11). G32 had the most reducing redox state with a minus Eh 
of -4 mV, so it was concluded that this point suffered from the CFC-12 degradation 
and showed an overestimation of groundwater age. The Eh of other samples ranged 
from 109 mV to 373 mV and showed no significant degradation due to the well match 
between the calculated ages and the CFC-12 apparent ages. Generally speaking, the 
age frequency distributions of groundwater flow system in the Sanjiang Plain matched 
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well with the piston-flow model which assumed that the groundwater residence time 
increased with the depth of the aquifer. 
 
Fig.5- 11 Comparison of apparent ages of CFC-12 and calculated 
groundwater ages. The solid line represents the 1:1 line; the dash line represents 
the 5% deviation from the 1:1 line 
It clearly showed that the NO3
-
 and Cl
-
 in the young groundwater with the age 
less than 60 years were higher than old groundwater with the ages over 60 years 
(Fig.5- 12). This trend was agreed with the anthropogenic activities such as 
agricultural exploration which stared since 1950s in the Sanjiang Plain. 
 
Fig.5- 12 The relation between the NO3
-
 and Cl
-
 and calculated groundwater 
ages 
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5.5.4 Relation between land use change and groundwater nitrate 
Two stepwise regression models (model A and B) were built in order to evaluate 
whether the approach take effect on identifying the relation between nitrate 
concentration and land use in the regional groundwater system: (A) the area ratios of 
land use at the sampling time, Ra(Tsam), are treated as the predictor variables, (B) the 
area ratios of land use at the recharge time, Ra(Tre), are treated as the predictor 
variables. The dependent variable is groundwater nitrate concentration in both 
models. 
For model A, the regression coefficients for all the predictor variables cannot 
pass through the F-test and were rejected to enter into the model. It means that the 
land use at sampling time cannot explain the variation of nitrate concentrations in the 
groundwater. When land use changes drastically, it is unreasonable to predict the 
groundwater nitrate from the current land use types (land use type at the sampling 
time) without considering the groundwater ages. 
Table 5- 4 Results of stepwise and PCs regression 
 R R
2
 Adjust-R
2
 F-test Significance 
Model Test 0.84 0.70 0.65 15.55 0.00 
Variables 
Unstandardized 
Coefficients 
Std. 
Error 
Standardized 
Coefficients 
T-test Significance 
Constant -7.53 14.02  -0.54 0.60 
Dry land 140.60 21.37 0.91 6.58 0.00 
Wetland -515.03 113.56 -0.53 -4.54 0.00 
Grass -224.16 58.60 -0.43 -3.83 0.00 
Forest 78.06 27.96 0.38 2.79 0.01 
Model B identified four land use types which have direct influences on the 
groundwater nitrate, and the result is showed in Table 5- 4. The determinant 
coefficient R
2
 with a value of 0.70 implies that almost 65% of the variation in nitrate 
concentration could be associated with the land use at the sampling time. The 
variables entering into the model were dry land, water body, grass and forest. The 
coefficients for each variable were significant to the model at the significant level 
0.05. 
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Dry land with the highest standardized coefficient of 0.91 suggests that it is the 
dominant factor affecting the nitrate contamination in the Sanjiang Plain. Yong et al 
(2007) showed that 74% of the total nonpoint pollution of nitrogen to rivers came 
from farmland cultivation, and in this study it is confirmed that dry land cultivation 
also ruins groundwater qualities. Paddy, which is another important land use type 
associated with agriculture exploitation, did not enter into the model, suggesting that 
paddy contribute little to the groundwater nitrate. Two reasons are considered (1) poor 
hydrological connection between paddy and aquifer and (2) denitrification processes 
under anaerobic conditions of paddy. 
The standardized coefficient of forest is lower than that of dry land with a value 
of 0.38, and shows its relatively weak, but significant influence on groundwater 
nitrate contamination. It implied that the forest in the Sanjiang Plain has entered into 
the stage of nitrogen saturation (Aber et al., 1998) and one of the results of the 
nitrogen saturation in forest is the nitrate leaching from soils to groundwater due to 
nitrification (Aber et al., 1989). 
Standard coefficients of water bodies and grass are negative, and show that these 
two kinds of land use hold the effect to decrease groundwater nitrate concentrations. 
To verify the impact of water bodies to nitrate, 19 surface water samples were taken 
along the major rivers such as the Heilong River, the Songhua River and the Wusili 
River in the Sanjiang Plain in September 2009. Comparing with the average 
groundwater nitrate concentration (12.25 mg/L), the average concentration of nitrate 
in the rivers was quite low (3.02 mg/L). Water balance calculation showed that river 
water is one of the major recharge sources of the regional groundwater system in the 
Sanjiang Plain (Yang et al., 2008). So that recharge from the surface water has 
substantial dilution effect to the regional groundwater. For the grass, several studies 
 90 
 
had focused on the nitrate leaching in grass land. Generally, nitrate leaching is low 
when the soil is covered by a grass (Gustafson, 1987). But when the grass land is 
ploughed for agriculture and stockbreeding, the nitrate leaching would be significantly 
high and caused groundwater nitrate pollution (Djurhuus and Olsen, 1997; Jarvis, 
2000; Whitmore et al., 1992). 
5.5.5 Land use changing trend and its influence on groundwater nitrate 
Trends of the land use variation in the Sanjiang Plain were further analyzed by 
principle components (PCs) analysis. Three principal components (PCs) are identified 
from the land use types at the recharge time (Table 5- 5). The proportion of total 
variance explained by the three PCs is 82.40%. Communalities were high (>0.80) for 
almost all variables except for PAD (0.65) and WAT (0.67). 
Table 5- 5 Results of the extraction of PCs by factor analysis 
Eigenvalues, percentage and cumulative percentage explained by each PC 
PCs Eigenvalue Percent of variance Cumulative percent 
PC1 3.64 45.54 45.54 
PC2 1.61 20.17 65.71 
PC3 1.33 16.69 82.40 
PCs loadings and the communalities 
LU types PC1 PC2 PC3 Communalities 
Paddy 0.34 0.59 -0.43 0.65 
Dry land 0.87 -0.44 0.02 0.94 
Forest -0.82 -0.16 0.41 0.88 
Grass 0.29 0.52 0.72 0.88 
Water area 0.02 -0.82 -0.05 0.67 
Resident and industry 0.90 0.15 0.28 0.91 
Unused -0.83 0.01 0.39 0.85 
Wetland -0.71 0.30 -0.47 0.82 
PCs regression results 
 R R
2
 Adjust-R
2
 F-test Significance 
Model Test 0.43 0.18 0.09 2.06 0.13 
Variables 
Unstandardized 
Coefficients 
Std. 
Error 
Standardized 
Coefficients 
T-test Significance 
Constant 12.25 5.12  2.39 0.02 
PC1 10.12 5.20 0.33 1.95 0.06 
PC2 -7.74 5.20 -0.25 -1.49 0.15 
PC3 -2.08 5.20 -0.07 -0.40 0.69 
All the PCs shows significant bipolar phenomenon (Trends of the land use 
variation in the Sanjiang Plain were further analyzed by principle components (PCs) 
analysis. Three principal components (PCs) are identified from the land use types at 
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the recharge time (Table 5- 5). The proportion of total variance explained by the three 
PCs is 82.40%. Communalities were high (>0.80) for almost all variables except for 
PAD (0.65) and WAT (0.67). 
Table 5- 5). PC1 explains 45.54% of the total variance and implies that it 
represents the dominating process controlling the land use variation in the Sanjiang 
Plain. It has strong positive loadings on dry land and resident and industry land and 
strong negative loadings on forest and wetland, and is recognized as the process of the 
dry land exploitation. PC2 explains 20.17% of the total variance and has positive 
loading on paddy and grass, and strong negative loading on wetland. It is recognized 
as the process of paddy exploitation. PC3 explains 16.69% of the total variance and 
has positive loading on grass and negative loading on wetland and paddy, and is 
recognized as the process of natural wetland degradation. 
As the stepwise regression have showed that groundwater nitrate have no relation 
with the land use at the sampling time, the PCs regression only ran once with the land 
use at the recharge time. The scores of the PCs are used as the predictor variables in 
the PCs regression model. The result is shown in Trends of the land use variation in 
the Sanjiang Plain were further analyzed by principle components (PCs) analysis. 
Three principal components (PCs) are identified from the land use types at the 
recharge time (Table 5- 5). The proportion of total variance explained by the three PCs 
is 82.40%. Communalities were high (>0.80) for almost all variables except for PAD 
(0.65) and WAT (0.67). 
Table 5- 5. PC1 is significant at level 0.10, and the positive standardized 
coefficient of PC1 (+0.33) shows the process of the dry land exploitation is the major 
process that controlled the nitrate contamination in the Sanjiang Plain. While PC2 and 
PC3 are not significant in the PCs regression model, it implies that the process of 
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transform of water body into paddy and the process of natural wetland degradation 
have no significant effect on the nitrate contamination in the Sanjiang Plain. 
5.6 Conclusion 
(1) The characteristics of the spatial and temporal distribution of NO3
-
 in the 
major rivers and the aquifers in the Sanjiang Plain were investigated in this study. 
Generally, the NO3
-
 concentrations in the surface water samples were low with a 
range from 0.03mg/L to 8.48 mg/L, and no samples exceeds the WTO standards. 
However, 11.4% of the groundwater samples exceeded the WTO standards indicating 
that local NO3
-
 pollution existed especially in rural regions. 
(2) The redox analysis revealed that most of the surface water had oxic condition 
and the stable form of N was NO3
-
 (+5). The nitrification process was dominating in 
the surface water and the amines were easily oxidized from organic matter to NO3
-
. 
For the shallow groundwater, the redox condition began to change into anoxic zone 
but denitrification potential was not strong revealed by the relation between δ15N-NO3 
and NO3
-
 concentration. The deep groundwater showed strong anoxic condition in 
comparison with the surface water and the shallow groundwater. The oxidation of Fe 
(II)-silicates was suggested as the possible denitrification process in the Sanjiang 
Plain. However, the NO3
-
 reduced by Fe (II)-silicates is so slow that very long 
residence times are required for this process to be significant. So the denitrification 
process contributed little to the δ15N-NO3 variation, and it was reasonable to identify 
the NO3
-
 sources by δ15N-NO3. 
(3) According to the δ15N-NO3, several NO3
-
 sources were identified in the 
Sanjiang Plain. The surface water showed a low NO3
-
 concentration and a wide 
δ15N-NO3 range. The NO3
-
 sources in the Heilong River and the Wusuli River mainly 
came from nitrification of soil N. The Songhua River showed an agricultural source of 
NO3
-
. Groundwater revealed a different situation. It was concluded that the elevated 
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NO3
-
 in the shallow groundwater mainly had a manure origin especially in the rural 
area. 
(4) Groundwater residence time is treated as a key for comprehensive assessment 
of the relation between changing land use and groundwater nitrate. The residence time 
of the groundwater samples estimated by CFC-12 and Vogel age model show a wide 
range from 1 to almost 300 years. During this time, the land use has changed 
dramatically. PCs analysis shows that dry land exploitation from wetland and forest, 
paddy exploitation from the water bodies, and natural wetland degradation into grass 
represented three main processes of the land use variation in the sampling areas. 
(5) Different transportation and migration patterns of nitrate along two major 
rivers, the Songhua-Heilong River and the Wusuli River, were observed in this study. 
Dilution effect was dominating in the Songhua-Heilong River, while the Wusuli River 
showed that the mix with water contained excess of NO3
-
 resulted in the NO3 
increased with the distance from the headwater, Xingkai Lake. The groundwater ages 
derived from environmental tracer (CFCs) data provided important information for 
assessing nitrate concentration in the aquifers responses to anthropogenic activities. 
The relation between the groundwater ages and the nitrate concentration clearly 
showed that the young groundwater with the age less than 60 years was assumed to 
have higher concentrations of NO3
-
 than old groundwater with the ages over 60 years 
because anthropogenic activities boomed since 1950s in the Sanjiang Plain. 
(6) Nitrate trend analysis reveals that the nitrate began to leach into the aquifers 
since the agricultural activities doomed after 1950s. Hydrogeochemical analysis 
indicates that the possible chemical process relating to the nitrate reduction was the 
oxidation of Fe (II)-silicates. However, the chemical kinetics of the oxidation of Fe 
(II)-silicates is very slow, so that the denitrification processes contribute little to the 
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nitrate variation. The variations of nitrate concentration is mainly due to spatial and 
temporal variability of the land use which influences nitrate leaching to the 
groundwater. 
(7) Stepwise regression shows that groundwater nitrate concentration have no 
direct relation with the land use at the sampling time, but have relative strong relation 
with the land use at the recharge time in the Sanjiang Plain. It is also showed that the 
dry land mainly contributed to the elevated concentration of nitrate in the regional 
groundwater. The δ15N-NO3 ranged from +5.28‰ to +55.76‰ gives a more direct 
result of the nitrate sources identification: the nitrate mainly comes from the use of 
manure by agricultural activities. The PCs regression shows that the process of the dry 
land exploitation was the major process that controlled the nitrate contamination.  
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6 Hydrochemistry and Salinization of Surface 
Water and Groundwater in the Songnen Plain 
6.1 Introduction 
Alkaline (high pH) soils are found in arid and semiarid areas. There is not 
enough rainfall in these areas to leach the base forming cations like calcium, 
magnesium, potassium and sodium. Natural weathering rock forms of these minerals 
keep the soil colloids “loaded”, not allowing hydrogen (H) to accumulate and form 
acid soils (Seatz and Peterson, 1964). In many areas, this condition of low rainfall and 
poor drainage leads to the accumulation of sodium and its salts (NaSO4 and NaCl). 
When high sodium is present in the soil as a soluble salt, the soil is referred to as 
saline. With a high pH it would be both saline and alkaline. If the sodium is attached 
on the soil colloids but is over 5% of CEC, it can be considered as a sodic soil. 
The alkali-saline land in the western Songnen Plain is one of the important 
alkali-saline areas in China. In recent decades, the total area of alkali-saline land 
reaches 3,200,000 hm2 and increases by 20,000hm2 per year on an average due to the 
natural and human factors (Xiujun, 2000). 
In this study, an extensive analysis has been conducted in the Songnen Plain to 
explain the characteristics of temporal and spatial distribution of major ion chemistry, 
discuss the mechanisms controlling the major ion chemistry, determine the 
contributions of different end-members to the hydrochemical composition based on an 
inverse method, and assess the salinization for the surface water and groundwater in 
the Songnen Plain. 
6.2 Study area 
The Songhua River located in Northeast China is the largest tributary of the 
Heilong River, flowing through the Jilin and Heilongjiang provinces (Fig.6- 1). The 
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river originates in the Changbai Mountains, travels from southeast to northwest until 
the Nenjiang River joins in near Zhaoyuan city. Then it turns its direction toward 
northeast, and finally flows into the Heilong River at Tongjiang city. Main channel of 
the Songhua River with a length of 1897 km is connected by a large number of 
branches including the Mudan River, the Huifa River, the Hulan River, the Lalin River, 
the Mayi River, the Yinma River, the Tangwang River and the Woken River (Table 6- 
2). 
The Songhua River basin locates in temperate continental monsoon zone with 
annual mean temperature ranged from 3-5oC. The mean temperatures in July and 
January are 22.5oC and -20oC, respectively. Annual precipitation of the Songhua River 
basin is around 500 mm about 79% of which occurs from June to September. The 
average annual runoff at the hydrological station Jiamusi near the outlet is about 
6.32×1010 m3 and the runoff occurred from July to October takes up almost 60% the 
annual runoff. 
The Songhua River basin is a Meso-Cenozoic sedimentary basin developed on a 
pre and upper Paleozoic basement (Fig.6- 1). The basement rocks, which mainly 
outcrop on the south and north-east edges of the basin, are composed of gneiss with 
inclusions of marble and metamorphic peridotite. Igneous rocks such as granite, 
diorite and basalt show banded distribution extending from north to south in the center 
of the basin. Sandstones scatter in the entire basin. Quaternary sediments are found on 
the northeast part of the basin with a thickness from 50m to 120m. No significant 
outcrops of carbonates are observed in the Songhua River basin and they are mainly 
disseminated along with other rock types. 
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Fig.6- 1 Map of the study area, geology and monitoring stations in the Songhua 
River basin. The TDS range was divided by natural breaking method. 
6.3 Materials and Methods 
6.3.1 Data sources 
Since 1956, the Ministry of Water Resources of the People‟s Republic of China 
has established more than 900 hydrochemical stations along more than 500 rivers in 
China including the Songhua River to monitor the major element concentrations, as 
well as other hydrological and water quality parameters (Chen et al., 2002). The 
available data of the Songhua River used in this study cover a total of 56 stations in 
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the basin from 1962 to 1984. Among these stations, Gaolicheng, Hongshizhe, Jilin, 
Songhuajiang, Fuyu, Haerbin, Tonghe, Yilan and Jiamusi are located at the main 
channel from upstream to downstream (Fig.6- 1 and Table 6- 2). Other stations are set 
up along the tributaries of the Songhua River. 
The analytical methods for major elements were shown in Table 6- 1, and the 
analytical results were given in the unit of both mg/L and meq/L, which are 
convenient for the chemical stoichiometric calculations. In this study, only the data 
with the charge balance (∑cation-∑anion)/∑total ions) less than 10% were accepted, 
otherwise recognized as outliers due to misprint and then omitted from the following 
analysis. TDS was calculated by the sum of Ca2+, Mg2+, Na+, K+, SO4
2- , Cl- and 
HCO3
-. SiO2 was not included due to too much missing values. The quality assurance 
and quality control information about the data sources was introduced and examined 
by Chen et al. (2002). 
Table 6- 1 Chemical analysis methods for major elements 
Major elements method 
Ca
2+
, Mg
2+
 EDTA titration 
Na
+
, K
+
 Flame spectrometry 
HCO3
-
 Acid titration 
SO4
2-
 BaCl2 titration 
Cl
-
 AgNO3 titration 
SiO2 Molybdenum blue method 
6.3.2 Statistical methods 
One-way analysis of variance (ANOVA) was performed to compare seasonal 
differences in major ion concentrations by IBM SPSS 18.0 for windows, and p values 
smaller than 0.05 were considered to be signiﬁcant. The long-term trend analysis of 
the major ion concentrations was performed using the seasonal Mann Kendall trend 
analysis, following the approaches of Hirsch and Slack (1984). Trends were 
considered statistically significant when p<0.01. When there was a statistically 
significant trend, the rate of change was quantified by linear fitting slope. The 
seasonal Mann Kendall trend test was performed by statistical software R. 
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6.4 Result 
The mean values of the physical and hydrochemical parameters for the main 
Songhua River channel and its 7 major tributaries were shown in Table 6- 2. In the 
Songhua River basin, pH ranged from 6.5 to 7.8, with an average of 7.1. TDS varied 
from less than 50.0 mg/L to higher than 300.0 mg/L. The median of TDS was 104.8 
mg/L which was higher than the world median (65.0 mg/L) (Meybeck and Helmer, 
1989) and lower than other major rivers in China such as the Changjiang River (205.9 
mg/L), the Yellow River (486.4 mg/L), the Pearl River (192.0 mg/L) and the Huai 
River (214.2 mg/L). The highest TDS was found in the Yinma River on the southeast 
corner of the Songhua River basin (Table 6- 2). A general trend of the spatial 
distribution of the TDS was observed as that the TDS of the tributaries in left bank of 
the Songhua River was higher than that in the right bank especially in the upper basin. 
A total dataset is showed in Table 6- 3. 
Table 6- 2 Mean values of the major element concentrations in main channel 
and major tributaries of the Songhua River basin. TDS was calculated by the 
sum of Ca
2+
, Mg
2+
, Na
+
, K
+
, SO4
2-
 , Cl
-
 and HCO3
-
. The groundwater data are 
adopted from Zhang et al. (2012) and not displayed in this table 
River T pH Ca
2+
 Mg
2+
 K
+
+Na
+
 Cl
-
 SO4
2-
 HCO3
-
 SiO2 TDS 
 
o
C  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Main channel 
Gaolicheng 7.8 7.4 8.8 5.7 12.8 2.8 12.7 65.1 8.7 107.9 
Hongshizhe 7.8 7.0 10.5 4.3 10.2 3.8 8.8 60.3 10.1 97.8 
Jilin 9.0 6.9 11.9 3.8 8.4 3.9 9.2 57.3 5.9 94.5 
Songhuajiang 9.1 7.0 16.7 4.6 13.9 9.6 8.3 78.3 5.2 131.4 
Fuyu 9.7 7.2 19.3 6.0 18.1 9.1 14.9 96.4 9.9 163.5 
Haerbin 9.0 7.3 17.5 3.9 14.0 7.7 5.8 86.5 24.1 135.2 
Tonghe 8.8 7.1 17.0 3.9 14.0 7.7 6.2 84.0 28.2 132.9 
Yilan 10.2 7.2 18.8 5.2 22.1 9.0 9.6 107.6 5.2 171.7 
Jiamusi 10.1 7.2 17.5 5.0 21.6 8.4 9.1 102.2 5.5 163.3 
Major tributaries 
Mudan R. 8.7 7.0 11.0 4.0 8.9 5.3 4.0 60.9 5.3 94.2 
Huifa R. 10.8 7.1 20.2 8.7 11.8 7.1 13.0 105.8 5.6 166.6 
Hulan R. 8.6 7.0 15.8 3.6 12.4 5.4 2.7 84.1 19.9 123.9 
Lalin R. 9.2 7.0 13.7 3.5 11.2 5.0 5.1 72.3 18.0 110.9 
Mayi R. 9.5 6.9 11.1 2.5 8.8 6.7 3.4 52.1 16.1 84.6 
Yinma R. 9.2 7.4 30.7 8.6 31.6 15.8 7.6 174.3 4.1 268.5 
Tangwang R. 7.7 6.9 14.0 4.2 15.3 9.0 8.4 72.3 7.2 122.2 
Woken R. 11.6 7.1 19.8 6.9 30.6 8.5 9.6 140.0 5.9 215.0 
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Table 6- 3 Total dataset of major element in the Songhua River basin. The 
groundwater data are adopted from Zhang et al. (2012) and not displayed in this 
table 
Stations 
T pH Ca
2+
 Mg
2+
 K
+
+Na
+
 Cl
-
 SO4
2-
 HCO3
-
 SiO2 TDS 
o
C  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Yilan 10.2 7.2 18.8 5.2 22.1 9.0 9.6 107.6 5.2 171.7 
Jiamusi 10.1 7.2 17.5 5.0 21.6 8.4 9.1 102.2 5.5 163.3 
Jilin 9.0 6.9 11.9 3.8 8.4 3.9 9.2 57.3 5.9 94.5 
Haerbin 9.0 7.3 17.5 3.9 14.0 7.7 5.8 86.5 24.1 135.2 
Gaolicheng 7.8 7.4 8.8 5.7 12.8 2.8 12.7 65.1 8.7 107.9 
Tonghe 8.8 7.1 17.0 3.9 14.0 7.7 6.2 84.0 28.2 132.9 
Songhuajiang 9.1 7.0 16.7 4.6 13.9 9.6 8.3 78.3 5.2 131.4 
Fuyu 9.7 7.2 19.3 6.0 18.1 9.1 14.9 96.4 9.9 163.5 
Hongshizhe 7.8 7.0 10.5 4.3 10.2 3.8 8.8 60.3 10.1 97.8 
Shitoukoumen 10.8 7.3 25.8 7.0 13.6 10.6 6.2 119.1 3.9 182.3 
Mianpo 9.8 6.9 11.0 2.4 8.9 7.0 3.6 50.0 23.2 82.9 
Lanxi 8.9 7.0 18.3 4.2 14.6 6.1 3.3 98.7 30.3 145.1 
Simajia 7.7 7.4 35.6 10.2 49.6 20.9 9.0 229.4 4.4 354.6 
Woken 11.6 7.1 19.8 6.9 30.6 8.5 9.6 140.0 5.9 215.0 
Chenming 7.7 6.9 14.0 4.2 15.3 9.0 8.4 72.3 7.2 122.2 
Wudaogou 11.3 7.3 21.8 7.9 12.6 6.7 15.5 107.2 9.3 171.6 
Caijiagou 8.5 7.2 17.7 4.8 13.7 4.2 6.8 96.4 8.3 143.5 
Hanyangtun 7.0 6.8 8.0 3.4 11.0 4.3 5.2 52.3 6.1 84.2 
Erdaobaihe 6.4 7.2 9.3 3.0 29.3 9.4 4.8 89.8 10.8 145.6 
Qingjia 8.3 6.9 13.3 2.9 10.2 4.7 2.1 69.5 9.5 102.7 
Yanshou 9.2 6.9 11.3 2.6 8.7 6.5 3.3 54.1 9.0 86.4 
Wuchang 10.0 6.8 9.8 2.2 8.8 5.8 3.4 48.2 27.7 78.2 
Huifacheng 12.4 7.2 22.2 10.9 11.1 7.3 11.4 122.4 4.3 185.3 
Hailongshuiku 10.7 7.2 13.1 7.0 6.9 3.4 14.3 67.2 3.0 111.9 
Hailong 8.6 6.6 23.9 9.0 16.5 10.9 10.7 126.4 5.9 197.4 
Hengdaozi 8.0 6.8 10.0 3.4 6.6 3.5 10.7 45.0 8.9 79.2 
Jiutai 8.2 7.3 24.2 9.2 128.8 42.2 26.9 330.4 5.6 561.7 
Fulitun 8.4 7.0 31.1 12.9 37.7 16.0 19.2 191.4 1.0 306.8 
Liangjiashan 6.0 7.2 20.7 8.9 19.8 8.6 19.3 112.8 8.5 190.1 
Hualiangou 11.7 7.2 8.4 2.4 12.7 7.8 1.2 53.8 7.1 86.3 
Longfengshan 9.7 6.9 6.8 1.4 6.7 4.4 2.2 33.4 15.3 55.0 
Mahao 7.6 6.6 11.8 2.9 6.1 3.8 6.1 49.5 5.6 80.1 
Ermu 5.3 6.5 5.4 1.8 5.4 3.2 5.3 25.4 4.3 46.4 
Mudanjiang 7.6 7.1 9.9 4.3 8.2 4.3 4.2 59.2 6.0 90.0 
Nancha 5.7 6.7 10.3 4.2 6.5 8.2 10.3 40.4 
 
79.7 
Nongan 9.9 7.1 53.2 12.1 74.3 58.9 28.9 256.4 6.0 483.8 
Jiaohe 8.1 6.9 19.5 3.9 26.0 11.0 15.1 102.6 7.4 178.2 
Shahezhen 6.9 6.7 14.7 5.9 14.8 4.4 6.9 92.9 5.5 139.5 
Shihe 11.8 6.9 4.8 1.3 8.0 5.4 1.0 30.1 6.4 50.7 
Shitou 9.5 7.3 8.8 3.6 10.7 5.0 2.4 58.8 6.1 89.4 
Dunhua 7.4 6.8 14.5 5.7 7.8 6.2 5.7 74.6 3.4 114.4 
Shunshanpu 8.0 7.5 48.5 19.3 91.3 76.1 21.5 303.9 8.3 560.7 
Dashanju 8.5 6.9 12.7 5.0 8.0 4.7 4.6 69.9 3.4 104.9 
Dapuchai 6.5 6.8 10.9 3.1 6.7 5.0 5.3 48.0 6.7 79.1 
Songjiang 6.4 6.8 7.9 3.5 6.5 3.5 5.2 44.1 7.7 70.8 
Taipingchi 10.7 7.9 39.0 12.6 83.2 40.8 28.5 265.3 1.6 469.4 
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Continued to Table 6- 3 
Dapandao 8.0 7.2 16.0 4.4 11.0 5.7 4.6 81.3 7.2 123.0 
Dadianzi 7.7 6.6 9.6 3.7 5.3 4.1 6.0 44.8 6.6 73.0 
Liuhe 8.6 7.2 18.7 6.3 8.2 7.2 11.0 82.3 5.2 133.8 
Changting 7.5 6.8 4.7 1.5 7.7 4.1 2.2 30.3 7.1 50.4 
Xiangmoshan 9.6 7.0 10.6 2.2 7.4 4.7 2.8 49.2 13.0 76.9 
Xinan 10.9 7.1 30.8 8.8 16.1 12.8 9.7 143.7 3.7 222.0 
Xingxingshao 10.6 7.1 16.7 5.2 8.5 4.8 20.3 65.0 3.0 120.5 
Xinlicheng 10.8 7.5 26.0 7.3 16.7 12.5 8.1 122.0 3.0 192.7 
Heli 8.0 7.0 7.8 3.6 10.2 6.2 6.8 46.6 
 
79.9 
Acheng 9.2 7.1 30.3 6.4 15.8 9.1 6.5 140.0 8.7 208.2 
Prevalent cations were K++Na+>Ca2+>Mg2+, and these chemical feature showed 
a typical cationic composition of rivers draining silicate bedrocks. Na+ (plus K+) and 
Ca2+ were the most abundant cations with concentrations of 8.4 to 31.6 mg/L and 8.8 
to 30.7 mg/L, respectively. HCO3
- was the most abundant anion, and its concentration 
ranged from 60.3 to 174.3 mg/L, and the values of Cl-, which was the second most 
abundant anion, varied from 2.8 to 15.8 mg/L. SO4
2- ranging from 2.7 to 14.9 mg/L 
was the least abundant anion among the anions. Similar with the TDS, the highest 
cations and anions were observed in the Southwest of the study area. 
The variations of TDS values and hydrochemical pattern along the main channel 
of the Songhua River were shown in Fig.6- 2. For convenience, Gaolicheng 
hydrological station has been set as the starting point along the main channel in this 
paper. The value of TDS was less than 100mg/L in the upstream with mountainous 
environments and increased up to 300mg/L after the Yinma tributaries joined in about 
400km downstream from Gaolicheng station. It turned down after the Nenjiang River 
flowed in before the Haerbin station. Then the TDS increased again at the lower reach 
about 1000km downstream from Gaolicheng station. This variation was not agreed 
with trends observed in the Changjiang River and Huai River, where the TDS 
concentrations of the main channel showed a general decreasing trend, and the 
tributaries had their substantial effect on the TDS variations of the main channel 
(Chen et al., 2002). The hydrochemical pattern along the main channel of the 
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Shonghua River was Ca-Na-HCO3 type in the headwater and lower reach, but 
Ca-HCO3 type in the middle and upper reaches. 
 
Fig.6- 2 The variations of TDS and hydrochemical pattern along the main 
channel. The boxplot showed the TDS ranges of each station. White square gave 
the mean value of TDS, upper and lower edge of the box showed the 25
th
 and 75
th
 
percentiles of TDS. The line in the box gave the median of TDS. The whiskers are 
determined by the 5
th
 and 95
th
 percentiles. The asterisk showed the “outliers”. 
6.5 Discussion 
6.5.1 Mechanisms controlling the major ion chemistry 
(1) Atmospheric inputs 
Rainwater has been recognized as an important source of dissolved species in 
surface waters (Appelo and Postma, 2005; Gibbs, 1970; Stallard and Edmond, 1981). 
The contribution of Cl- to dissolved salt loads in rivers is expected to decrease with 
increasing distance from the sea when there are no terrestrial sources of this element 
(Stallard and Edmond, 1981). However, in the Songhua River basin, the elevated Cl- 
concentrations occurred in some inland stations located on the southwest rather than 
in the seaward stations (Fig.6- 3). It implied that beside the precipitation inputs, the 
Cl- also had other origins such as weathering of evaporite rocks or anthropogenic 
sources. 
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Fig.6- 3 The concentrtion of Cl
-
 vs distance from sea. 
Contributions from precipitation inputs can be estimated from Cl-, which behaves 
conservatively through the hydrological cycle (Appelo and Postma, 2005; Ollivier et 
al., 2010). Yi et al. (2010) reported the chemical data of precipitation at Longfengshan 
(LFS) hydrological station located in the center of the study area. The data were 
recompiled into Cl-normalized molar ratios in this study. It was found that the 
SO4
2-/Cl- molar ratio in precipitation was about 3.65, implying a sulfate enrichment of 
rainwater with respect to sea origin salt (SO4
2-/Cl-=0.05). The Ca2+ and Mg2+ also 
showed terrestrial sources with high Cl-normalized ratio (1.75 and 0.49, respectively) 
comparing with sea origin salt (0.02 and 0.01, respectively). 
Runoff coefficient of the Songhua River is about 0.21 (Song et al., 2010), and the 
evapotranspiration factor of the major ions in this paper was set as 4.72, which should 
be the reciprocal of the runoff coefficient (Ollivier et al., 2010). Accordingly, major 
ions concentrations of precipitation and its conctibution to river water were calculated. 
It was found that as a whole the atmospheric inputs contributed 16.5% of Ca2+, 8.9% 
of Mg2+, 11.6% of K++Na+ and 17.3% of Cl- in the Songhua River basin. 
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(2) Anthropogenic inputs 
The major element chemistry can also be affected by a variety of human 
activities (Meybeck and Helmer, 1989). This has become particularly significant in 
China due to the drastic increase of industrial and agricultural activities (Chen et al., 
2002). Based on the Cl-normalized ratio of precipitation, it was found that the 
atmospheric loading in the Songhua River had a signiﬁcant terrestrial component, 
especially for SO4
2- as a result of extensive and intensive use of S-enriched coal and 
power production via coal combustion in the study area. In addition, Cl- is also 
considered to be an indicator of the impact of land use and human activity on water 
chemistry. It is well known that NO3
- and Cl- are commonly derived from agricultural 
fertilizers, animal waste, and municipal and industrial sewage. In this study, three 
reservoirs were considered for Cl- as atmospheric inputs, anthropogenic inputs and 
evaporate weathering, and two reservoirs were considered for SO4
2- as cyclic salt 
origin from sea and anthropogenic inputs from coal combustion. 
(3) Inputs from rock weathering and alkaline soil 
The samples deﬁned a narrow range on the cation ternary diagram, and most 
samples clustered in the center of the plot (Fig.6- 4). The dominance of silicate rock 
weathering is not surprising, given the fact that silicate rocks are well spread in the 
Songhua River basin. The outcrops of carbonate rocks also sporadically existed, so it 
was reasonable to recognize the contribution of the carbonate rocks wreathing to the 
river chemical compositions. In addition, evaporates were also considered to 
contribute the chemical compositions of the river due to only 17.3% of Cl- explained 
by precipitation inputs. 
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Fig.6- 4 Ternary diagrams showing the relative abundances (in meq/L) of 
major cations (Ca
2+
, Mg
2+
 and Na
+
+K
+
) for the main channel and its tributaries 
in the Songhua River basin. 
Major ion composition of rivers can be interpreted in terms of mixing between 
three main end-members corresponding to the weathering products of carbonates, 
silicates and evaporates (Gaillardet et al., 1997; Negrel et al., 1993; Ollivier et al., 
2010). The approach used by Ollivier et al. (2010) was followed in this study to 
determine the rock weathering contributions to major cations (Na+, Ca2+ and Mg2+) of 
the Songhua River basin, and the end-members were expressed by Na-normalized 
molar ratios. The contribution from carbonate weathering corresponded to the trend 
towards high-Ca2+ end-member close to the top-right corner of Fig.6- 5. The highest 
values of Ca2+/Na+ and Mg2+/Na+ were 2.03 and 1.56 for the Songhua River basin due 
to no tributaries flow through purely carbonate-dominated area. The inﬂuence of the 
end-member issued from silicate weathering was reﬂected in lower Ca2+/Na+ and 
Mg2+/Na+ ratios comparing with the carbonate end-member. The end-member of 
evaporates was usually difficult to be constrained due to the diversity of salt rock 
types, but it is recognized that this end-member was reflected in the lowest Ca2+/Na+ 
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and Mg2+/Na+ ratios. In this study, the chemical composition of Ca2+/Na+ and 
Mg2+/Na+ for the three end-member were selected as 55 and 15 for carbonates, 0.35 
and 0.24 for silicates and 0.17 and 0.02 for evaporates, respectively. 
 
Fig.6- 5 Mixing diagrams using the end-members of carbonates silicates and 
evaporates expressed by Na-normalized molar ratios. The molar concentrations 
used in the ratio calculation were corrected by eliminating the precipitation 
inputs. 
6.5.2 Evaluation on the salinization of surface water and groundwater 
An assessment of the suitability of surface water and groundwater for irrigation 
is based on an assessment of the content of sodium compared to the total cations 
(Yidana et al., 2010). High sodium waters are not suited for irrigation activities 
because the sodium ion engages in cation exchange processes which tend to affect the 
ability of soils to sustain crop productivity. The Na+ adsorbs onto cation exchange 
sites, causing soil aggregates to disperse, thus reducing soil permeability (Tijani, 
1994). The work of Stigter et al. (1998) demonstrated that irrigation waters enriched 
in Na+ results in cation exchange reactions whereby Na+ is taken up and magnesium 
and calcium are released into the water. On other hand, the use of Ca-enriched waters 
for irrigation leads to the release of Na+ ion from cation exchange sites, and the 
preferential adsorption of the Ca2+ ions onto the cation exchange sites. In addition, 
high salinity waters have the tendency to reduce the osmotic potentials of irrigation 
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crops over time. Usually the sodium percent and the EC are used collectively to assess 
the quality of water for irrigation activities. In this study, the Wilcox diagram (Wilcox, 
1955) which plots the sodium percent against the EC was used to assess the quality of 
the four major groundwater classes in the study area for irrigation activities. The 
sodium percent is defined below: 
2 2
Na
Na %
Na K Ca Mg


   

  
 
where all the ions are expressed in meq/L. 
 
Fig.6- 6 Plot of percent sodium vs electrical conductivity (EC) (After Wilcox, 
1955). The groundwater data are adopted from Zhang et al. (2012) and not 
displayed in this table 
Fig.6- 6 shows the positions of the different water types (SW and GW) in the 
Wilcox diagram. It is found that most of the surface water samples are located in the 
“Excellent to good” area, but their Na+ percentages are not low with an average of 
0.41. High salinities are observed in the groundwater group with also high 
concentrations of sodium relative to the total cations. About 64% of the groundwater 
samples are “Excellent to good” for the irrigation, 21% are “Good to permissible”, 3% 
are “permissible to doubtful” and 10% are “Doubtful to unsuitable”. 
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Another important indicator to determine if the water is saline or sodic and 
evaluate the water quality for irrigation is the SAR (sodium adsorption ratio) of the 
water (Seatz and Peterson, 1964). The SAR is defined as below: 
2 2
Na
SAR
Ca Mg

 


 
where Na+, Ca2+ and Mg2+ are expressed in molar/L. Fig.6- 7 shows the relation 
between SAR and EC of the groundwater and surface water samples in the Songnen 
Plain. Most of the surface water samples are located in the S1-C1 group with low 
salinity and low SAR. Some of the surface water samples are located in the S1-C2 
group showing the higher salinity and SAR. For the groundwater, 68% of the samples 
are located in the S1-C2 group and 21% of the samples are located in the S1-C3 group. 
There are one sample in the S3-C2 group, one sample in the S2-C3 group and one 
sample in the S3-C4 group, and these samples show the highest salinity in the study 
area. 
 
Fig.6- 7 Plot of sodium adsorption ratio (SAR) vs electrical conductivity (EC) 
(After Richards, 1954). The groundwater data are adopted from Zhang et al. 
(2012) and not displayed in this table 
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The long time variation of SAR in the Jaimusi station from 1962 to 1984 is 
showed in Fig.6- 8. It is obvious that in the SAR was increasing during 1962-1984, 
and implies the salinization become serious in the Songnen Plain. 
 
Fig.6- 8 The long time trend of SAR in the Jiamusi station 
6.6 Conclusions 
In this study, an extensive analysis has been conducted to analyze the major ions 
chemistry and the salinization in the Songnen Plain: 
(1) The rivers had a low TDS with a median of 104.8 mg/L, and the prevalent 
ions were Na++K+ and Ca2+ for cations, and HCO3
- for anions. 
(2) Due to the influence of alkaline soils, both the surface water and groundwater 
are showing salinization with high concentrations of Na+ and HCO3
-. The average 
Ca2+/Na+ and Mg2+/Na+ molar ratios were 0.70 and 0.42, which is smaller than the 
area where carbonate dissolution is dominating. Based on the EC and SAR, the 
salinization is more severe in the groundwater. The long time variation of SAR in the 
Jaimusi station from 1962 to 1984 shows that the SAR was increasing during 
1962-1984, and implies the salinization become sever all over the Songnen Plain. 
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7 Surface water hydrochemistry and its response 
to the land use in the Taizi River 
7.1 Introduction 
The Taizi river watershed in the Liaoning province has been an urban-, industry-, 
and agriculture-intensive area in China since 1950s. Leading industries include 
mining and metallurgy, petrochemicals, beer, pharmacy, electronics and 
telecommunications, and machinery etc. Big industrial cities include Fushun, 
Shenyang, Benxi, Anshan, Liaoyang, Panjin, and Yingkou, with population of 2.24, 
6.98, 1.56, 3.47, 1.82, 1.25 and 2.30 million in 2005, respectively (Lin et al., 2009). 
There are many researches on the pollutions in the Taizi River. Lin et al. (2009) 
have reported the phosphorus sorption and fraction characteristics in the upper, middle 
and low reach sediments of this study area. Wang et al. (2009) studied the phosphorus 
distribution in the estuarine sediments of the Daliao River. Guo et al. (2009) has 
studied the distribution, partitioning and sources of polycyclic aromatic hydrocarbons 
in the Daliao River water system in dry season. But there is no research on the 
hydrochemistry and behavior of nitrate in this study area, especially on the relation 
between the land use and nitrate. 
In the chapter 5, it has been discussed that due to long residence time of 
groundwater, it is important to consider the time lags when identify the relation 
between land use and groundwater nitrate contaminations. While for the surface water, 
the time lags between land use change and river hydrochemistry are small because of 
the relative short residence time of surface water. So, in this charter, firstly, six 
hydrochemistry zones are divided based the characteristics of hydrological 
connectivity, isotope compositions (δ18O and δD for water), land use and geology. 
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Then the mechanisms controlling the hydrochemistry have been discussed. Finally, 
the relation between the land use and river nitrogen contamination (TN) have been 
evaluated by multiple regression, and based on the regression function, the TN 
concretions all over the Taizi River is estimated. 
7.2 Study area 
The Taizi River, one of the main tributaries of the Liao River, locates in Liaoning 
Province in the Northeast China (Fig.7- 1). The river originates in the Changbai 
Mountains and travels from northeast to southwest. Main channel of the Taizi River 
with a length of 413 km is connected by a large number of branches. DEM data shows 
that the Taizi River basin is high mountainous area in the east, low plains in the west, 
and low highlands between the mountainous area and plain. 
The Taizi River is located in temperate continental monsoon climate zone with 
hot rainy summer, sunny cold winter and short spring and autumn. Mean annual air 
temperature, with a range of 2.27-9.99oC, decreases gradually from downstream to 
upstream. The highest temperature is about 22-24oC in July, and the lowest 
temperature appears in January with a range of -9-17oC. The annual precipitation is 
about 655-954 mm, high in the east and low in the west. The annual potential 
evapotranspiration ranging from 734-1018mm varies reversely, as high in the west 
and low in the east. The average annual runoff of the Taizi River is about 2.69×1010 
m3. 
Main rock types in the Taizi River basin are composed of gneiss, granite, 
limestone and sandstone. In the east part, the rock outcrops become newer from north 
to south. Achaean metamorphic rocks outcrop in the north, and are composed of 
gneiss and schist. Cambro-ordovician carbonates outcrops in the center along the 
upstream, including calcite and dolomite. Cretaceous volcanic rocks are found in the 
south of the upper basin, mainly granite. Carboniferous and Jurassic volcanic rocks 
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scatter between the Cambro-ordovician carbonates and Cretaceous volcanic rocks. In 
the west part, Quaternary sediments cover most of the area in the northwest, and 
Metamorphic rocks of Proterozoic era including marbles, schist and granulite mainly 
outcrop in the southeast. 
The Taizi River basin is an urban-, industry-, and agriculture-intensive area in the 
Southeast of China since1950s. Big industrial cities include Benxi, Anshan and 
Liaoyang, with population of 1.56, 3.47 and 1.82 million in 2005, respectively. 
 
Fig.7- 1 Study area and the locations of the monitoring stations 
7.3 Materials and Methods 
Field surveys have been conducted in September 2012. 15 surface waters 
samples from the main channel and 20 samples from the major tributaries were taken 
in this study (Fig.7- 1). Electric conductivity (EC), pH, Temperature and dissolved 
oxygen (DO) were measured by the potable meters (Horiba), and alkalinity (HCO3
-) 
was also measured in unfiltered water samples by titration in site. Samples for major 
ion and isotopes analysis were filtered through 0.45μm glass fiber filter paper and 
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stored in 50 ml tubes below 4oC. The cations (Na+, K+, Ca2+, Mg2+) and anions (Cl-, 
SO4
2-, NO3
-) were analyzed by ion chromatography (LC-10AD, Shimazu) in 
laboratory of Chiba University. Stable isotopes (deuterium and oxygen-18) were 
determined with the laser spectroscopy (DLT-100; Los Gatos Research Inc.) at the 
laboratory of Institute of Geographic Sciences and Natural Resources Research, 
Chinese Academy of Science. Stable oxygen and hydrogen isotopic ratios are reported 
relative to the SMOW standard. 
7.4 Result 
The physical parameters and chemical compositions of water samples in the 
Taizi River were showed in Table 7- 1. Waters were slightly alkaline, with pH ranging 
from 7.6 to 8.0. Electrical conductivity (EC) of the Taizi River varied from 140 us/cm 
to higher than 1000 us/cm with an average and median of 516 and 534 us/cm, 
respectively. The total dissolved solids (TDS) concentration ranged from 105 to 811 
mg/L, and the median was 406 mg/L which was higher than the world median (65.0 
mg/L) (Meybeck and Helmer, 1989) and other Chinese rivers such as the Changjiang 
River (205.9 mg/L), the Pearl River (192.0 mg/L) and the Huai River (214.2 mg/L), 
but lower than the Yellow River (486.4 mg/L). The highest TDS was observed in two 
tributaries, the Gexi River (T09) and the Yunliang River (T15). 
Prevalent cations were Ca2+>Na+>Mg2+>K+ in the Taizi River. Ca2+ was the 
dominant cation which ranged from 19.15 to 126.90 mg/L with an average of 56.08 
mg/L, and accounted for 44-74% of the cation TDS. The second abundant cation was 
Na+ ranging from 3.81 to 78.21 mg/L with an average of 23.07mg/L. And it 
contributed to 7-37% of the cation TDS. Mg2+ varied from 2.42 to 33.38 mg/L with an 
average of 14.33 mg/L. K+ was the least cation ranging from 1.04 to 1.82mg/L with 
an average of 1.59mg/L in wet season, and from 0.96 to 20.38 mg/L in the Taizi River. 
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HCO3
- was the dominate anion and was followed by SO4
2- in the surface water. 
HCO3
- concentration ranged from 45.75 to 217.16 mg/L with an average of 140.53 
mg/L accounting for 30-79% of the total anions. SO4
2- ranged from 13.04 to 339.98 
mg/L with an average of 86.66 mg/L in the Taizi River, which accounted for 14-58% 
of the total anions. Cl- concentration ranged from 2.09 to 99.38 mg/L with an average 
of 23.38 mg/L. NO3
- concentration ranged from 0.00 to 41.17 mg/L with an average 
of 17.99 mg/L in the Taizi River. 
The values of δ18O for the samples ranged from -10.49‰ to -7.13‰ with an 
average of -9.07‰. The range of D was from -58.39‰ to 73.05‰ and its average was 
-66.37‰. 
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Table 7- 1 Physical parameters, chemical compositions and environment isotope of Taizi River. Samples from main channel are labeled 
by “M” and samples from tributaries are labeled by “T”. 
ID 
T EC pH TDS Na+ K+ Ca2+ Mg2+ HCO3
-
 Cl
-
 SO4
2-
 NO3
-
 SiO2 
18
O D 
o
C us/cm  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
 
 
M01 22.4 194.7 7.80 165.73 4.99 1.78 28.56 4.43 90.28 2.75 17.30 11.01 4.63 -10.43 -72.93 
M02 23.5 207 7.79 169.64 5.21 1.41 29.20 4.80 89.67 2.64 19.36 12.56 4.79 -10.31 -71.53 
M03 23.2 216 7.81 162.13 5.12 1.92 28.90 4.80 82.35 2.58 19.97 11.78 4.71 -10.42 -72.86 
M04 21.4 200 7.88 164.06 5.10 1.46 29.51 4.54 73.20 3.11 28.54 14.96 3.64 -9.06 -66.68 
M05 22.7 251 7.83 218.58 6.31 2.01 38.55 5.66 113.46 3.44 31.91 14.00 3.24 -9.76 -69.10 
M06 21.2 257 7.94 180.60 5.46 1.55 33.49 5.27 81.74 3.15 31.72 14.34 3.88 -9.97 -68.04 
M07 23.1 281 7.97 222.12 7.95 1.99 40.05 6.70 100.04 4.97 41.26 14.84 4.32 -9.75 -68.71 
M08 23.7 427 7.88 338.09 13.30 3.61 57.67 11.49 151.28 12.79 66.62 17.77 3.56 -9.34 -67.82 
M09 24 384 7.93 303.18 16.87 4.26 44.74 13.52 101.26 19.97 85.50 15.81 1.25 -7.37 -59.48 
M10 26.9 602 7.67 425.90 24.30 5.23 66.97 15.45 157.38 23.7 111.61 17.30 3.96 -7.13 -59.32 
M11 29.1 604 7.69 436.84 26.14 5.02 68.11 15.29 163.48 24.13 111.55 19.40 3.72 -8.85 -64.08 
M12 25 690 7.66 495.34 36.29 6.28 72.63 18.91 170.8 36.93 127.87 20.24 5.39 -8.92 -63.61 
M13 25.3 654 7.70 454.29 31.56 6.11 68.62 16.61 162.26 31.87 108.93 23.34 4.99 -9.20 -66.60 
M14 25.4 715 7.61 459.68 34.39 10.11 69.01 19.82 170.8 45.49 90.71 12.73 6.62 -8.51 -67.13 
M15 26.5 630 7.83 458.36 29.68 5.89 60.66 22.58 187.88 30.46 91.52 24.02 5.67 -8.31 -64.74 
T01 23.3 280 7.73 240.97 6.70 1.92 42.91 6.42 133.59 2.85 26.83 16.27 3.48 -10.49 -73.05 
T02 21.6 140 7.93 105.21 3.81 0.96 19.15 2.42 45.75 2.09 13.04 13.99 4.00 -9.39 -67.20 
T03 20 207 7.83 175.18 5.67 1.63 31.54 4.80 79.30 3.75 29.17 15.52 3.80 -9.64 -69.03 
T04 25.5 254 7.87 198.65 7.23 2.64 32.96 7.01 90.27 3.53 41.66 8.04 5.31 -7.57 -63.54 
T05 25.1 492 7.66 284.12 5.31 1.32 35.34 5.73 182.39 4.89 32.93 9.83 6.38 -9.77 -69.45 
T06 21 389 7.90 305.59 9.52 3.50 56.18 10.75 115.90 7.81 72.16 25.38 4.39 -9.04 -66.28 
T07 22 409 7.89 309.65 8.49 3.18 51.80 11.85 148.84 5.05 58.76 15.93 5.75 -10.09 -69.95 
T08 23 336 7.90 295.00 4.81 2.04 50.44 12.32 156.16 4.99 45.15 14.89 4.20 -9.88 -68.22 
T09 25.3 1116 7.55 811.37 52.55 7.81 126.9 33.38 178.12 47.26 339.98 20.10 5.27 -8.48 -62.58 
T10 26.4 655 7.66 447.00 27.39 2.85 73.96 18.4 180.56 38.08 101.44 - 4.32 -7.60 -58.39 
T11 28.1 603 7.69 410.95 28.83 6.48 62.26 15.4 128.10 29.14 111.20 22.48 7.06 -9.18 -65.04 
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Continued to Table 7- 1 
T12 25.6 771 7.79 577.72 58.70 5.76 72.28 20.17 217.16 28.84 156.43 14.58 3.80 -7.85 -60.73 
T13 27 630 7.67 431.99 30.59 6.07 64.76 16.42 161.04 28.35 118.77 - 5.99 -9.64 -69.97 
T14 23.5 829 7.64 616.28 58.32 8.06 80.44 25.01 162.26 58.94 180.88 33.24 9.13 -8.01 -62.32 
T15 26.8 1114 7.56 738.32 78.21 20.38 100.87 21.91 178.12 99.38 211.09 17.76 10.60 -8.80 -66.47 
T16 24.5 802 7.65 568.09 46.88 10.12 76.32 22.69 156.16 51.12 156.21 41.77 6.82 -9.08 -66.05 
T17 26.4 850 7.64 573.77 55.82 9.60 70.13 23.49 196.42 72.96 113.43 24.62 7.30 -9.00 -65.33 
T18 25.2 764 7.56 458.85 33.79 10.33 69.92 21.42 154.94 49.48 95.97 16.06 6.94 -8.07 -62.62 
T19 25.7 534 7.82 405.68 15.26 3.59 53.49 24.57 180.56 14.91 67.96 38.64 6.70 -9.30 -67.28 
T20 27.9 565 7.79 415.69 17.05 4.28 54.58 27.71 176.90 16.89 75.59 36.54 6.15 -9.39 -66.79 
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7.5 Discussion 
7.5.1 Zoning and hydrochemistry pattern 
The Taizi River was divided into six zones according to the characteristics of 
hydrological connectivity, isotope compositions (δ18O and δD for water), land use and 
geology (Fig.7- 1). A large reservoir named the Guanyinge, which is located after 
M03, divides the upper basin into zone 1 and 2. The two zones have differences in 
geology. The area ratio of carbonate for Zone 1 is about 11.76%, lower than that of 
Zone 2 with a value of 26.46% (Table 7- 2). The reservoir Shenwo located before 
M08 becomes the division point for zone 2 and 3, and this reservoir is also the 
division point for the upper and lower basin. Zone 3 and zone 4 is divided mainly 
based on isotope differences. The relation between δ18O and δD is showed in Fig.7- 2. 
In the Taizi River, most of the samples locate along the local evaporation line, 
indicating that the river water losses by evaporation are considerable and cannot be 
neglected. The evaporation loss is highest in the Zone 3 for the highest δ18O and δD 
values due to large areas of paddy (area ratio 34.39%) existed in this zone (Table 7- 2). 
For Zone 4, the area ratio of paddy is about 17.99%, and is lower than that in the Zone 
3, so that the δ18O and δD values are also lower than Zone 3, but higher than other 
zones. Zone 3 and 4 are both an urban-, industry-, and agriculture-intensive area in the 
study area. Zones 5 and 6 have similar geology with major marble and schist outcrops, 
but different land use for the sampling point. T08 was sampled under natural 
conditions without pollution, while T19 and T20 were suffered from anthropogenic 
inputs due to their sampling locations. And the samples from Zones 5 and 6 are used 
to discriminate the anthropogenic inputs in the following sections. 
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Fig.7- 2 Relation between δ18O in and δD in the Taizi River. Dash line shows the 
local meteoric water line (LMWL) based on the data from Global Networks of 
International Precipitation Stations (IAEA). Solid line gives the linear fit of the 
evaporation line. 
The hydrochemistry patterns of zones 1 to 6 are also showed in Table 7- 2. The 
samples from zones 1 and 2 are Ca-HCO3 type. Ca
2+ comprises 70% and 68% of 
cation TDS (in meq/L) and HCO3
- comprises 68% and 57% of anion TDS (in meq/L), 
respectively. All the chemical compositions begin to increase when the river flows 
through the Zones 3 and 4, and the hydrochemistry pattern changes into 
Ca-HCO3-SO4, showing that SO4
2- has become the most abundant anion. In the Zones 
3 and 4, SO4
2- comprises 43% and 37% of the anion TDS. Hydrochemistry pattern for 
the samples from the Zones 5 and 6 is also Ca-HCO3 type, but the TDS is higher than 
the samples from the Zones 1 and 2 due to larger areas of carbonates outcropping in 
the Zone 5 and 6. 
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Table 7- 2 Characteristics of geology and land use spatial distribution for six zones 
 Item Zone1 Zone2 Zone3 Zone4 Zone5 Zone6 
Area ratio 
of geology 
Carbonate 11.76 26.46 8.08 8.10 67.74 51.61 
Gneiss and schist 30.94 39.95 13.41 15.07 13.95 0.78 
Quaternary sediment 14.90 17.05 78.50 68.25 8.62 16.57 
Granite 41.55 13.43 0.00 8.60 9.69 31.03 
Area ratio 
of land use 
Paddy 0.90 0.14 34.39 17.99 0.40 2.57 
Dry land 13.76 17.62 35.26 42.14 19.93 33.99 
Forest 81.89 74.46 12.21 18.66 75.26 54.27 
Grass 1.82 1.37 1.51 0.08 0.77 1.54 
Water 0.66 2.55 2.97 3.25 1.74 1.13 
Residence 0.92 3.82 13.21 17.50 1.70 6.41 
Stiff diagrams of 
hydrochemistry 
pattern 
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7.5.2 Mechanisms controlling the hydrochemistry 
(1) Atmospheric inputs 
Rainwater has been recognized as an important source of dissolved species in 
surface waters (Appelo and Postma, 2005; Gibbs, 1970; Stallard and Edmond, 1981). 
The contribution of atmospheric inputs to dissolved salt loads in rivers is expected to 
be estimated by Cl-normalized ratios of rainwater when there are no terrestrial sources 
of this element (Negrel et al., 1993). However, in the Taizi River basin, elevated Cl- 
concentrations with an average of 23.38mg/L (0.69mmol/L) shows significant 
terrestrial sources such as evaporate weathering and anthropogenic inputs existed in 
the Taizi River, so that the Cl-normalized ratios of rainwater cannot be used here to 
give an estimation of the contribution of atmospheric inputs. Another method based 
on the water balance calculation to determine the average concentration factor is also 
usually applied to estimate the atmospheric inputs to dissolved salt loads, but this 
method is valid on the year scale and need the data of volume-average ion 
concentrations throughout the year. So in this study, δD and δ18O were measured to 
determinate the evaporation loss of river waters at the sampling time, and the method 
used followed the work of Gonfiantini (1986). Based on the calculation, at the 
sampling time, the evaporation loss ranged from about 0.2% to 20.13% in the study 
area (Fig.7- 2). In addition, the evaporation losses in the lower basin are higher than 
that in the upper basin. This trend is agreed with the spatial distribution of the 
potential evaporation in the Taizi River. Yi et al. (2010) reported the chemical data of 
precipitation at the Shangdianzi regional background station which locate near our 
study area. The data was used here to correct for the atmospheric inputs. The 
contributions of atmospheric inputs to major ions for zone 1 to 6 are showed in Table 
7- 3. It is found that as a whole the atmospheric inputs contribute about 2.80% of Na+, 
24.33% of K+, 5.11% of Ca2+, 4.80% of Mg2+, 13.30% of Cl-, 24.84% of SO4
2- and 
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25.67% of NO3
- in the Taizi River at the sampling time. In addition, the percentages of 
atmospheric inputs decrease from zone 1 in upstream to zone 4 in downstream due to 
the combined effects of lithology (rock weathering) and anthropogenic inputs. 
Table 7- 3 Means of atmospheric inputs to the TDS 
Atmospheric inputs (%) Na
+
 K
+
 Ca
2+
 Mg
2+
 Cl
-
 SO4
2-
 NO3
-
 
Zone1 5.74 45.84 8.27 10.35 34.97 63.62 30.97 
Zone2 4.76 38.63 6.72 7.51 23.54 34.00 32.00 
Zone3 1.27 16.09 3.93 2.89 4.01 11.75 25.74 
Zone4 0.80 9.32 3.44 2.26 2.27 10.56 20.73 
Zone5 4.71 27.61 4.53 3.54 17.90 22.91 26.17 
Zone6 1.86 18.14 4.43 1.70 5.86 16.87 11.08 
Mean 2.80 24.33 5.11 4.80 13.30 24.84 25.67 
(2) Anthropogenic inputs 
Two main characteristics of very polluted rivers are TDS greater than 500 mg/L 
and Cl-/Na+ molar ratios greater than that of seasalts (Gaillardet et al., 1999). The 
mean TDS values for zone 3, 4 and 6 are 468, 525 and 414 mg/L, respectively。
Although the Cl-/Na+ molar ratios are lower than that of seaslats, the samples from 
zone 3, 4 and 5 are all treated as polluted water samples. The comparison of T08 in 
zone 5 and T19 in zone 6 allows us to discriminate the contribution of anthropogenic 
inputs. From Fig.7- 1, it is found that the rivers where T08 and T19 were sampled 
drain carbonate-dominated area with major lithology of marbles (Table 7- 2), so that 
Ca2+ and HCO3
- are the ions showing the least pronounced changes, and similar Ca2+ 
and HCO3
- concentrations are observed for T08 and T19. However, major land use of 
the draining area controlled by T08 is forest and no significant anthropogenic inputs 
are introduced into the river, while for T19, it locates on the downstream of an 
intensive residence area and considerable domestic sewages discharge into the river. 
Thus, in this study, the chemical composition of T08 is treated as a representative of 
natural water (unpolluted) end-member, and two anthropogenic inputs, the domestic 
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sewage and mine draining end-members, are discriminated based on the method 
developed by Roy et al. (1999). 
Based on the calculation, it is found that increases of 212% for Na
+
, 222% for Cl
-
, 
199% for NO3
-
 and 57% for SO4
2-
 are observed at T19 comparing with T08. For 
convince, access NO3
-
 are considered to have an agricultural origin. Increases for 
other ions (mainly Na
+
 and Cl
-
) are considered as the influence from domestic 
sewages. The Na-normalized ratios for K
+
, Ca
2+
, Mg
2+
, HCO3
-
, Cl
-
, SO4
2-
 and NO3
-
 of 
T08 which represents the natural water and the end member of domestic sewages are 
showed in Table 7- 4. It is found that HCO3
-
/Na
+
 and SO4
2-
/Na
+
 have the most 
significant discriminating capacities to separate these two end members. Here, 
HCO3
-
/Na
+
 and SO4
2-
/Na
+
 are set as 13.02 and 0.55 for natural water, and 1.77 and 
0.30 for domestic sewages to make the end member triangle including all the data. 
The end-member of mining sewages are characterized as extreme low HCO3
-
/Na
+
 
(0.01) and extreme high SO4
2-
/Na
+
 (300) according to the chemical composition of 
typical acid mining discharge (AMD). 
Table 7- 4 Ion molar ratios for natural water and domestic sewages 
 K
+
/Na
+
 Ca
2+
/Na
+
 Mg
2+
/Na
+
 HCO3
-
/Na
+
 Cl
-
/Na
+
 SO4
2-
/Na
+
 NO3
-
/Na
+
 
Natural water 0.08 0.00 1.07 0.55 0.62 0.48 0.84 
Domestic sewages 0.18 6.11 2.49 13.02 0.59 1.77 0.89 
The HCO3
-/Na+ and SO4
2-/Na+ ratios of the end-members and samples are 
showed in Fig.7- 3. In this diagram, the mixings of two reservoirs having different 
Na-normalized chemical ratios are represented by the dash lines. Most of the polluted 
samples locate towards the domestic sewages end-member. Some of the samples from 
Zone 1, 2 and 5 are also located in the area defined by the three end-members, which 
implies slight pollutions to these samples. 
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Fig.7- 3 Relation between molar ratios of SO4
2-
/Na
+
 and HCO3
-
/Na
+
 and 
corresponding mixing end-members in the Taizi River 
The contributions of three end-members to Na+ and Cl- of samples are estimated 
by the mixing equations used by Ollivier et al. (2010) as bellow: 
(X/Na)riv=∑i(X/Na)i(αNa)i 
(X/Cl)riv=∑i(X/Cl)i(αCl)i 
Where X/Na and X/Cl is the molar ratio measured in the river (riv), or assumed in 
each end-member (i) such as natural water, domestic sewages and mining sewages. 
(α)i is the mixing proportions of the Na or Cl. 
Table 7- 5 Contributions of different sources to Na
+
, Cl
-
 and SO4
2-
 
Zone item Na
+
 Cl
-
 SO4
2-
 
  Sewage Mine Natrual Sewage Mine Natrual Sewage Mine Natrual 
3 Mean 86.15 0.15 13.71 86.07 0.30 13.64 46.94 26.31 26.75 
 Max 93.72 0.37 30.76 93.02 0.70 31.09 76.29 62.98 54.22 
 Min 69.16 0.06 5.91 68.73 0.09 6.28 30.05 3.06 6.96 
4 Mean 90.95 0.08 8.98 92.86 0.14 7.00 68.14 7.88 23.98 
 Max 97.41 0.13 14.93 99.12 0.28 15.17 103.32 27.10 41.25 
 Min 85.03 0.01 2.50 84.55 0.03 0.75 44.53 0.00 7.29 
6 Mean 70.17 0.06 29.78 71.13 0.12 28.75 37.33 4.11 58.57 
 Max 72.43 0.07 32.06 73.80 0.14 31.44 38.25 8.13 63.51 
 Min 67.90 0.04 27.50 68.46 0.10 26.06 36.40 0.09 53.62 
The proportions of Na+ and Cl- originating from the three reservoirs for the 
samples came from Zone 3, 4 and 6 are given in Table 7- 5. It is found that the 
domestic sewage contributes about 86.15%, 90.95% and 70.17% of Na+ and 86.07%, 
92.86% and 71.13% of Cl- for Zone 3, 4 and 6, respectively, showing that the 
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anthropogenic inputs have become an important factor controlling the hydrochemical 
evolution in the lower basin. 
(3) Rock weathering 
Ternary diagrams were employed to give an overall understanding on the 
water-rock reactions which control the occurred major chemical compositions of river 
waters (Fig.7- 4). In Fig.7- 4, the concentrations of major ions for all the samples have 
been corrected by eliminating the atmospheric inputs and anthropogenic inputs. All 
the samples locate near the carbonate dissolution corner with the ratio of Ca2++Mg2+ 
higher than 80%. Specifically, samples from the zones 1, 2 and 5 deﬁne a narrow 
range along the line of Na++K+=0.125, and Ca2++Mg2+ take up of about 87% of the 
total cations. In addition, Ca2+ ratio decreases from 69% at M01 to 62% at M09 with 
Mg2+ ratio increasing from 18% at M01 to 32% at M09, which implying that dolomite 
dissolution enhance along the upper basin. When the river enters into the lower basin 
(Zones 3 and 4), samples mainly locates along the line of Na++K+=0.06, and the ratio 
of Ca2++Mg2+ increases into 94%. 
 
Fig.7- 4 Ternary diagrams showing the relative abundances (in meq/L) of 
major cations (Ca
2+
, Mg
2+
 and Na
+
+K
+
) in the upper basin (C1) and lower basin 
(C2) of the Taizi River. 
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Generally, major ion composition of rivers can be interpreted in terms of mixing 
between three main end-members corresponding to the weathering products of 
carbonates, silicates and evaporates (Gaillardet et al., 1997; Negrel et al., 1993; 
Ollivier et al., 2010). The contributions from carbonate weathering and silicate 
weathering correspond to the trend towards high-Ca2+ end-member close to the 
top-right corner and high-Na+ end-member close to the low-left corner in Fig.7- 5, 
respectively. Due to weathering of carbonates such as limestone and dolomite, high 
Ca2+/Na+ and Mg2+/Na+ ratios with an average of 3.25 and 0.97 were observed in the 
upper basin. The highest values of Ca2+/Na+ and Mg2+/Na+ are 6.12 and 2.52 in the 
Taizi River which are lower than the corresponding ratios of the rivers draining karst 
areas (Han and Liu, 2004; Ollivier et al., 2010; Xu and Liu, 2010) due to no 
tributaries flow through purely carbonate-dominated area. 
 
Fig.7- 5 Mixing diagrams using the end-members of carbonates, silicates and 
evaporates expressed by Na-normalized molar ratios. The cation concentrations 
(mmol/L) were all corrected by eliminating the precipitation inputs. 
A forward method was applied in this study to determine the contributions of 
arbonates, silicates and evaporates weathering to the composition of major ions. The 
molar ratios of Ca2+/Na+ and Mg2+/Na+ for silicates weathering was selected as 0.35 
and 0.24, respectively (Gaillardet et al., 1999). The concentrations of Ca, Mg, Na and 
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K were all corrected by eliminating the atmospheric inputs and anthropogenic inputs, 
and the mass balance equations for the calculation are listed as below: 
[Ca]=[Casil]+[Cacar]+[Caeva] 
[Mg]=[Mgsil]+[Mgcar] 
[Na]=[Nasil]+[Naeva] 
[K]=[Ksil] 
where [Nasil]=[Na]-[Cl], [Naeva]=[Na]-[Nasil], [Casil]/[Nasil]=0.35, [Mgsil]/[Nasil]=0.24, 
[Caeva]=[SO4], [Cacar]=[Ca]-[Casil]-[Caeva], [Mgcar]=[Mg]-[Mgsil]. 
The proportions of Ca2+, Mg2+, Na+ and K+ originating from diﬀerent rock 
weathering reservoirs to the cation TDS are showed in Fig.7- 6. Each column shows 
the stacked contribution of the various ions with concentrations expressed in 
milliequivalents per liter. Overall, in the Taizi River Basin, 69.60% of the cation (not 
including atmospheric inputs and anthropogenic inputs) comes from carbonates 
weathering, and it is the dominating factor controlling the dissolved cation load. 
Silicate contributes 13.39% of the cation TDS, and this characteristic is agreed with 
the global silicate weathering proportions (<40.0%) (Gaillardet et al., 1999). The rock 
weathering also shows spatial variations. In the upper basin (Zones 1 and 2), the 
proportion of carbonates takes up about 61.28% of cation TDS, while when the river 
flows into the lower basin (Zones 3 and 4), the proportion increases into 82.59% due 
to the enhanced dissolution of carbonates. 
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Fig.7- 6 Calculated contributions (%) of carbonate, silicate and evaporate 
weathering to the cation TDS (mg/L) in the Taizi River basin. The concentrations 
of Ca, Mg, Na and K were all corrected by eliminating the atmospheric inputs 
and anthropogenic inputs. 
Major cations can also be provided by evaporate weathering such as dissolutions 
of halite (NaCl) and gypsum (CaSO4). The contribution of halite weathering to the 
river chemical composition was evaluated by an excess of Cl- comparing with Cl- 
derived from rainwater. Weathering of gypsum is more complicated because multiple 
sources of SO4
2- may exist in the Taizi River. Two possible processes, gypsum 
dissolution and pyrite oxidation, were differentiated in this study. Gypsum dissolution 
produces elevated Ca2+ and results in the ratio of Ca2+ to other cations (Na+ and Mg2+) 
increase with the concentration of SO4
2-. However, pyrite oxidation does not change 
the ratio of Ca2+ to other cations. In the Taizi River, both of Ca2+/Na+ and Ca2+/Mg2+ 
shows negative correlations with the concentration of SO4
2- (Fig.7- 7) and it reveals 
that gypsum dissolution contribute little to Ca2+ and SO4
2- in the Taizi River. So that, 
elevated SO4
2- mainly comes from pyrite oxidation. 
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Fig.7- 7 The relation between concentration of SO4
2-
 to the molar ratio 
Ca
2+
/Na
+
 and Ca
2+
/Mg
2+
 
(4) Carbonic acid and sulfuric acid as weathering agent 
In addition to carbonic acid (CO2), sulfuric acid (H2SO4) plays an important role 
in rock weathering as an acid derived from acid deposition due to coal combustion or 
the oxidation of pyrite in sediments (Xu and Liu, 2010) When carbonates is weathered 
by dissolved CO2 and H2SO4, Ca
2+ and Mg2+ can be produced according to the 
equation as below (Xu and Liu, 2010): 
CaxMg1-xCO3+CO2+H2O→xCa
2++(1-x)Mg2++2HCO3
- (1) 
2CaxMg1-xCO3+ H2SO4→2xCa
2++2(1-x)Mg2++2HCO3
-+SO4
2- (2) 
According to the stoichiometric relations of chemical reactions (1) and (2), for 
waters that have SO4
2-/HCO3
- equivalent ratios around zero, carbonate dissolution by 
CO2 dominates the chemical weathering. For waters that have SO4
2-/HCO3
- equivalent 
ratios around 0.5, carbonate dissolution by H2SO4 dominates the chemical weathering. 
When carbonate dissolution by both CO2 and H2SO4 takes place, samples locate on 
the mix line defined by the two end-members discussed above. The river waters 
samples from the Taizi River locates around the mix lines (Fig.7- 8), indicating a 
mixing between solute from carbonate dissolution by CO2 and H2SO4. In the upper 
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basin, most of the samples locate on the left side of Fig.7- 8 with SO4
2-/HCO3
- ratios 
lower than 0.25, and it is showed that carbonate dissolution by CO2 dominates in this 
area. For the lower basin, samples concentrate on the right side with SO4
2-/HCO3
- 
ratios lower than 0.25 showing that carbonate dissolution by H2SO4 become important 
process on controlling the chemical weathering. In addition, Fig.7- 8 also shows that 
Ca2+/Mg2+ ratio changes from r=3.5 in the upper basin to r=2.0 in the lower basin due 
to magnesite and talc deposits outcrops in the lower basin. 
 
Fig.7- 8 Relation between ratios of Ca
2+
/HCO3
-
 and SO4
2-
/HCO3
-
. Ratio of 
SO4
2-
/HCO3
-
 defines the two end members aroused by carbonate weathering by 
CO2 and H2SO4. When SO4
2-
/HCO3
-
=0, carbonate is dissolved by CO2 according 
to reaction (1), and when SO4
2-
/HCO3
-
=0, carbonate is dissolved by H2SO4 
according to reaction (2). The values of r give the Ca
2+
/Mg
2+
 ratio which is 
calculated by x/(1-x). Dash lines show mix line 
7.5.3 Land use and surface nitrate contamination 
(1) Spatial distribution of nitrogen in the Taizi River 
Fig.7- 9 gives the concentration variations of NO3
--N、NO2
--N and NH4
+-N along 
the main channel of the Taizi River. It is found that the concentrations of NO3
--N、
NO2
--N and NH4
+-N are increasing from upstream to downstream due to human 
activities. The total nitrogen (TN, the sum of NO3
--N、NO2
--N and NH4
+-N) on the 
upstream is about 2.50 mg/L, while increases into 8.17 mg/L on the downstream. 
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Fig.7- 10 shows the ratios of three constituents to the TN. In the upstream, NO3
--N 
takes up most of the TN, the other two types takes up little. When the river enters into 
the downstream, the ratio of NH4
+-N becomes increasing due to discharge of domestic 
sewages. 
 
Fig.7- 9 The concentration changes of NO3
-
-N、NO2
-
-N and NH4
+
-N along the 
main stream of Taizi River 
 
Fig.7- 10 The ternary diagram of NO3
-
-N、NO2
-
-N and NH4
+
-N in Taizi River 
(2) Relation between of spatial distribution of land use and nitrate 
The TN variation along the main channel is complicated due to the inflow from 
the tributaries, so 16 tributaries were selected to evaluate the relation between land 
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use and surface water TN concentrations. The locations of tributaries and 
corresponding sub basins are showed in Fig.7- 11. 
 
Fig.7- 11 The subbasin selected to analyze the relation of land use and TN 
concentration 
The land use is summarized by Arcgis 10 (ISRI
TM
) and the result of different 
land use types in the 16 sub basins are showed in Table 7- 6. In this table, the land use 
is classified into 7 types: dry land (DRY), paddy (PAD), forest (FOR), grass (GRS), 
water (WAT), residence land (RES) and unused land (UNU). 
Table 7- 6 The summary of the landuse in 16 subbasins, unit(%) 
ID PAD DRY FOR GRS WAT RES UNU 
TZ10 1.31 19.07 78.19 0.40 0.26 0.77 0.00 
TZ09 0.98 16.33 75.71 5.28 0.12 1.26 0.33 
TZ06 0.63 18.55 78.18 0.73 0.62 1.27 0.02 
TZ05 0.13 11.25 85.67 0.57 0.64 1.64 0.10 
TZ02 1.19 16.47 78.34 2.04 1.28 0.68 0.00 
TZ13 0.00 16.31 73.94 0.92 0.87 7.96 0.00 
TZ14 0.00 19.54 75.26 0.57 2.59 2.04 0.00 
TZ35 0.51 15.25 81.82 1.58 0.01 0.83 0.00 
TZ32 60.15 17.89 2.79 0.00 2.17 16.99 0.00 
TZ30 42.28 12.24 0.00 0.00 28.64 16.29 0.56 
TZ33 42.08 38.19 3.30 0.79 1.30 14.34 0.00 
TZ25 42.23 22.88 2.77 0.00 1.59 30.53 0.00 
TZ22 0.48 53.31 32.36 0.02 0.55 13.29 0.00 
TZ19 3.32 63.19 19.87 0.25 0.49 12.31 0.57 
TZ16 0.12 53.11 26.46 1.43 0.08 18.80 0.00 
TZ18 8.54 51.96 23.48 0.88 1.95 13.18 0.00 
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Then the multiple regression is applied to evaluate the relation between TN and 
land use. In the regression, the ratios of different land use types are treated as 
independent variables, and the TN concentration is treated as dependent variable. The 
forest does not enter into regression function due to multicollinearity. It is found that 
the regression coefficients of PAD and GRS are negative, and the coefficients of DRY, 
RES and UNU are positive. The DRY and RES are significantly correlated with the 
TN concentrations in the Taizi River basin implying that there are two potential 
pollution sources of TN came from the agriculture and industry. The regression 
function is showed below: 
TN=-0.045PAD+0.081DRY-0.647GRS-0.140WAT+0.219RES+8.918UNU+2.495 
From the regression function, the TN concentrations all over the Taizi River 
were estimated and the result is showed in Fig.7- 12. From the figure, it is found that 
from upstream to downstream the TN concentrations are increasing due to the 
agricultural and industrial developments. 
 
Fig.7- 12 The predicting values of TN in Taizi River 
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7.6 Conclusion 
(1) The Taizi River was divided into six zones according to the characteristics of 
hydrological connectivity, isotope compositions (δ18O and δD for water), land use and 
geology. The hydrochemistry patterns are Ca-HCO3 type for zones 1, 2, 5 and 6, and 
Ca-HCO3-SO4 for the Zones 3 and 4. 
(2) In the Taizi River, the hydrochemistry is dominated by carbonate weathering. 
The atmospheric inputs only contribute little to the major ions. But when the river 
enters into the downstream, it is found that the domestic sewage contributes about 
86.15%, 90.95% and 70.17% of Na+ and 86.07%, 92.86% and 71.13% of Cl- for Zone 
3, 4 and 6, respectively, showing that the anthropogenic inputs have become an 
important factor controlling the hydrochemical evolution in the lower basin. 
(3) The multiple regression result shows that the land use of DRY and RES are 
significantly correlated with the TN concentrations implying that there are two 
potential pollution sources of TN came from the agriculture and industry. 
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8 Conclusions 
In this study, the response of hydrochemistry to the land use change has been 
intensively discussed from a point view of system analysis. There are three factors to 
be considered: the input which is represented by land use change, the transportation 
and migration of chemical s in the surface water and groundwater system and the 
outputs which is observed by sampling. The three typical study areas selected focused 
on different aspects to reveal the hydrochemistry response to the land use change, and 
a general description of these study areas is summarized below: 
(1) In the Sanjiang Plain, the land use change dramatically and the corresponding 
nitrate can be treated as a time varying system. The residence time is also considered 
due to larger time scale of hydrological cycle in the groundwater system. That is to 
say, in the Sanjiang Plain, the behavior and response of a typical “artificial chemical” 
nitrate in the groundwater system to a time varying land use are studied. 
(2) In the Songnen Plain, the elevated concentrations of Na+ and HCO3
- are 
observed and these chemicals are treated as “original chemicals”. From the point view 
of system analysis the problem is to research the response of typical “original 
chemicals” in the surface water and groundwater system to the land use change. 
(3) In the Taizi River basin, the land use change is slight and can be treated as a 
time-invariant system. So the problem is to study the response of both “artificial 
chemical” nitrate and “original chemicals” Na+, SO4
2- and HCO3
- to the time-invariant 
land use. 
8.1 General conclusions 
(1) In the Sanjiang Plain, the NO3
- concentrations in the surface water samples 
were low with a range from 0.03mg/L to 8.48 mg/L, and no samples exceeds the 
WTO standards. However, 11.4% of the groundwater samples exceeded the WTO 
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standards indicating that local NO3
- pollution existed especially in rural regions. The 
redox analysis revealed that most of the surface water had oxic condition and the 
stable form of N was NO3
- (+5). For the shallow groundwater, the redox condition 
began to change into anoxic zone but denitrification potential was not strong revealed 
by the relation between δ15N-NO3 and NO3
- concentration. The deep groundwater 
showed strong anoxic condition in comparison with the surface water and the shallow 
groundwater. The oxidation of Fe (II)-silicates was suggested as the possible 
denitrification process in the Sanjiang Plain. However, the NO3
- reduced by Fe 
(II)-silicates is so slow that very long residence times are required for this process to 
be significant. So the denitrification process contributed little to the δ15N-NO3 
variation, and it was reasonable to identify the NO3
- sources by δ15N-NO3. According 
to the δ15N-NO3, several NO3
- sources were identified in the Sanjiang Plain. The 
surface water showed a low NO3
- concentration and a wide δ15N-NO3 range. The NO3
- 
sources in the Heilong River and the Wusuli River mainly came from nitrification of 
soil N. The Songhua River showed an agricultural source of NO3
-. Groundwater 
revealed a different situation. It was concluded that the elevated NO3
- in the shallow 
groundwater mainly had a manure origin especially in the rural area. 
Groundwater residence time is treated as a key for comprehensive assessment of 
the relation between changing land use and groundwater nitrate in the Sanjiang Plain. 
The residence time of the groundwater samples estimated by CFC-12 and Vogel age 
model show a wide range from 1 to almost 300 years. During this time, the land use 
has changed dramatically. PCs analysis shows that dry land exploitation from wetland 
and forest, paddy exploitation from the water bodies, and natural wetland degradation 
into grass represented three main processes of the land use variation in the sampling 
area of the Sanjiang Plain. Different transportation and migration patterns of nitrate 
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along two major rivers, the Songhua-Heilong River and the Wusuli River, were 
observed in this study. Dilution effect was dominating in the Songhua-Heilong River, 
while the Wusuli River showed that the mix with water contained excess of NO3
- 
resulted in the NO3 increased with the distance from the headwater, Xingkai Lake. 
The groundwater ages derived from environmental tracer (CFCs) data provided 
important information for assessing nitrate concentration in the aquifers responses to 
anthropogenic activities. The relation between the groundwater ages and the nitrate 
concentration clearly showed that the young groundwater with the age less than 60 
years was assumed to have higher concentrations of NO3
- than old groundwater with 
the ages over 60 years because anthropogenic activities boomed since 1950s in the 
Sanjiang Plain. Nitrate trend analysis reveals that the nitrate began to leach into the 
aquifers since the agricultural activities doomed after 1950s. 
Hydrogeochemical analysis indicates that in the Sanjiang Plain, the possible 
chemical process relating to the nitrate reduction was the oxidation of Fe (II)-silicates. 
However, the chemical kinetics of the oxidation of Fe (II)-silicates is very slow, so 
that the denitrification processes contribute little to the nitrate variation. The 
variations of nitrate concentration is mainly due to spatial and temporal variability of 
the land use which influences nitrate leaching to the groundwater in the Sanjiang Plain. 
Stepwise regression shows that groundwater nitrate concentration have no direct 
relation with the land use at the sampling time, but have relative strong relation with 
the land use at the recharge time in the Sanjiang Plain. It is also showed that the dry 
land mainly contributed to the elevated concentration of nitrate in the regional 
groundwater of the Sanjiang Plain. The δ15N-NO3 ranged from +5.28‰ to +55.76‰ 
gives a more direct result of the nitrate sources identification: the nitrate mainly 
comes from the use of manure by agricultural activities. The PCs regression shows 
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that the process of the dry land exploitation was the major process that controlled the 
nitrate contamination in the Sanjiang Plain. 
(2) In the Songnen Plain, the rivers had a low TDS with a median of 104.8 mg/L, 
and the prevalent ions were Na++K+ and Ca2+ for cations, and HOC3
- for anions. Due 
to the influence of alkaline soils, both the surface water and groundwater are showing 
salinization with high concentrations of Na+ and HCO3
-. The average Ca2+/Na+ and 
Mg2+/Na+ molar ratios were 0.70 and 0.42, which is smaller than the area where 
carbonate dissolution is dominating. Based on the EC and SAR, the salinization is 
more severe in the groundwater. The long time variation of SAR in the Jaimusi station 
from 1962 to 1984 shows that the SAR was increasing during 1962-1984, and implies 
the salinization become sever all over the Songnen Plain. 
(3) The Taizi River was divided into six zones according to the characteristics of 
hydrological connectivity, isotope compositions (δ18O and δD for water), land use and 
geology. The hydrochemistry patterns are Ca-HCO3 type for zones 1, 2, 5 and 6, and 
Ca-HCO3-SO4 for the Zones 3 and 4. The hydrochemistry is dominated by carbonate 
weathering. The atmospheric inputs only contribute little to the major ions. But when 
the river enters into the downstream, it is found that the domestic sewage contributes 
about 86.15%, 90.95% and 70.17% of Na+ and 86.07%, 92.86% and 71.13% of Cl- for 
Zone 3, 4 and 6, respectively, showing that the anthropogenic inputs have become an 
important factor controlling the hydrochemical evolution in the lower basin. The 
multiple regression result shows that the land use of DRY and RES are significantly 
correlated with the TN concentrations in the Taizi River basin implying that there are 
two potential pollution sources of TN came from the agriculture and industry. 
8.2 Future works 
In this study, three study areas are selected to reveal the response of 
hydrochemistry to the land use change in the NECP. A major problem is concerned 
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with the spatial and temporal scale of the three study areas. Due to varying scale, the 
relation between hydrochemistry and land use change have been blurred, and the 
relation is difficult to be discriminated. For example, in the Sanjiang Plain, the 
groundwater residence time is considered as a key to reveal this relation and good 
relation are found. But the chemical processes, especially the microbial processes, 
could make the relation too complicated to be identified. So two aspects will be 
stressed in the future works: 
(1) Do the research in a relative small watershed to avoid the spatial and 
temporal heterogeneity of the problem. In such study area, all the hydrological 
processes such as precipitation, evaporation, infiltrations, surface water and 
groundwater runoff can be monitored to give a clear image of hydrological cycle 
which is the carrier of solute transport. Based on the hydrological cycle, the response 
of hydrochemistry to the land use change can be identified clearly. 
(2) Use the numerical simulation technique to simulate the hydrological and 
solute transport processes.  
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